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Ink setting affects offset print quality issues such as print mottle and print 
gloss. It is known that ink setting depends on many factors, such as the nature of the 
substrate, the properties of the coating, and the ink formulation. However, the role of 
pigment surface chemistry in offset ink setting is unknown. From an experimental 
perspective, it is difficult to determine the role of the surface chemistry as it requires 
paper coatings that are similar in physical properties and differ only in the pigment 
surface chemistry. 
The aim of this study was two-fold. The first was to apply methods such as 
atomic layer deposition (ALD), sol-gel deposition, and silane treatment to modify 
pigment surface chemistry and evaluate the coating properties before and after 
modification. The second aim was to gain an understanding of the role of pigment 
surface chemistry in offset ink setting. 
This thesis is organized into six chapters and an appendix. Chapter 1 provides 
an overview and background of paper coatings and pigment modification chemistries. 
Chapter 2 describes the experimental procedures and equipment common to all work 
described in chapters 3-6. 
In chapter 3, ALD deposition of T1O2 on SiC>2 powder was investigated using 
infrared spectroscopy. The work of this chapter identified the role of water in the 
reaction process and its importance in controlling the layer-by-layer growth rate on 
pigments. In chapter 4, infrared spectroscopy was used to investigate the reaction of 
silanes with Ti02 and AI2O3 using SC-CO2 as a solvent. The work of chapter 4 showed 
that caution must be exercised when using SC-CO2 as the solvent in the surface 
treatment of oxides other than silica. In chapter 5, a novel method to obtain a high 
conversion of Ca(OH)2 powder to CaCCh is described. 
The work of modification of pigment surface chemistry and the study of its 
role in determining offset ink setting is described in chapter 6. Using SC-CO2 as 
solvent for silane post-treatment, two coatings with similar physical properties but 
differ in surface chemistry was obtained. This enabled us to determine the role of 
pigments surface chemistry in offset ink setting. 
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CHAPTER 1. INTRODUCTION 
1.1 Motivation 
Ink setting can be considered as a continuous process for ink penetrating into a 
substrate and finally reaching its dry stage.1 The separation of components during the 
ink setting and drying affects printability and print quality issues such as print mottle 
9 7 118 
or print gloss. " The factors that impact ink setting has been widely studied. " It is 
generally accepted that ink setting depends in a complex way on many factors, such as 
the nature of the substrate and the properties of the coating and the ink formulation. 
With regards to the coating, recent studies have shown that coating pore structure, 
pigment particle size and size distribution play the primary roles in determining the 
o i l i n 
ink setting. " ' However, the role of surface chemistry in ink setting is not known. 
In order to gain an understanding of the role of pigment surface chemistry in ink 
setting, the fabrication of coatings that differ in pigment surface chemistry but that are 
similar in regards to other coating properties are required. 
A major portion of this thesis describes the various approaches we used to 
surface treat pigments and to fabricate coatings with these pigments. In this chapter, 
we provide a brief overview of the composition of paper coatings, the methods used to 
characterize the paper coatings, and the state of knowledge of ink setting. This is 
followed by an overview of methods used to alter the surface chemistry of pigments. 
1 
1.2 Interaction of ink and paper/coating 
1.2.1 Pigmented paper/coating 
Paper is the most common printing medium. Typically, paper consists of a 
base of wood-free pulp containing filler such as calcium carbonate particles. 
Important properties of the base paper are bulk, opacity, whiteness, and smoothness.19 
The application of a pigmented coating on a base paper is to improve the smoothness, 
opacity and printability. 
As an ink receptive layer, the base paper or pigmented coating should be 
porous in nature. The void structure is characterized by its pore volume, pore size, and 
pore shape.14 The pore structure has a strong influence on the paper optical, 
mechanical and fluid absorption properties. For pigmented coatings, the porosity is 
controlled by the properties of the pigments and by the latex binder level. For 
example, the particle size determines the pore size and particles with narrow size 
distribution result in a higher porosity. Calendar or supercalendar is sometimes 
applied to increase smoothness, closure of surface pores, lower average pore radius 
and lower pore volume. The calendaring or supercalendering machine is made up of 
one or several rollers. The paper passes through the rollers under pressure and 
temperature. This leads to higher paper gloss, lower brightness and lower opacity. 
A typical pigmented coating consists of pigment, latex binder, thickener and 
various additives such as dispersion agents and optical brighteners. Mineral pigment 
particles, such as CaC03, kaolin, SiCh, TiCh and AI2O3, are the main components of 
the coating. Among them, the most commonly used pigment is CaCC>3 due to its high 
2 
brightness and low price. CaC03 is produced in two forms; ground calcium carbonate 
(GCC) and precipitated calcium carbonate (PCC). GCC is obtained from direct 
mining of mineral deposits and is generally used as filler because of its high 
performance/price ratio. PCC is chemically produced and thus provides a wide 
latitude in particle size and shape, and as a result, is a multi- functional additive 
21 
providing the end user with a synthetic approach to dictating performance. 
The manufacturing of PCC occurs through the reaction of gaseous carbon 
dioxide with a colloidal suspension of calcium hydroxide. This process is sufficiently 
versatile to allow a number of different morphologies to be developed. CaCCh is 
principally found as three anhydrate polymorphs: vaterite, aragonite and calcite 
(Figure 1.1). Among them, calcite is the thermodynamically stable phase at room 
temperature and atmospheric pressure. Calcite has a rhombohedral or a scalenohedral 
crystal structure, and the former one is the most stable form. Aragonite is the high-
temperature phase with a needle-like morphology and vaterite is the low-temperature 
phase often found as spherical aggregates. 
Figure 1.1 Schematic of polymorphs of CaCCb a) rhombohedral calcite, b) 
scalenohedral calcite, c) aragonite, and d) vaterite 
3 
In addition to CaCCb pigments, kaolin, Si02, TiCh and AI2O3 are commonly 
used in the paper coating. Kaolin has a structure of layered aluminosilicate consisting 
a tetrahedral SiCh surface and an octahedral AI2O3 surface. This special layered 
structure makes it suitable for lightweight coated paper with favorable gloss 
properties. The coating made with the fine grades of amorphous silica have a marked 
resistance to calendar darkening. TiC>2 pigments are used in paper coating to improve 
the opacity and brightness of the paper surface due to its high refractive index. 
1.2.2 Ink 
The bulk and surface characteristics of ink influence the ink behavior at each 
step of the printing process, that is, from the distribution on the inking rolls to the 
setting of the ink on the substrate. The principal components of offset ink are the 
colorant, binder, ink oil, and additives such as catalytic driers, antioxidants, and wax 
particles.22'23 The colorant is normally an organic pigment that contains chromphore 
groups such as azo, isoindolines, phthalocyanines and polycyclic carbonyls. The ink 
binder is made of a mixture of resins and drying oil. Resin is a non-crystalline liquid 
or solid material with relatively high molecular weight, whereas a drying oil is a 
liquid that can turn into solid through oxygen-inductive polymerization at room 
temperature. Ink oils include mineral oils and vegetable oils. Mineral oils are a 
mixture of hydrocarbons. Most of vegetable oils are esters such as glycerol esters with 
various unsaturated fatty acids. Glycerol esters include linseed oil, soya oil, rung oil, 
and castor oil. They maybe categorized as drying, semidrying, and non-drying oils 
depending on extent of polymerization upon exposure to oxygen. The mixture 
4 
solution of ink oils and binders, is referred to as the ink vehicle. Catalytic driers are 
soaps of cobalt or manganese that speed up the decomposition of the hydroperoxide to 
free radicals. This is an important reaction during the oxidative drying of the ink film. 
1.2.3 Ink-paper/coating interaction 
The ink-paper/coating interaction occurs instantaneously upon contact. The 
absorption process after the initial contact is referred to as ink setting. Ink dries 
through depletion of ink oil from the ink film and polymerization of drying oils. The 
depletion of ink oil is a physical process due to absorption or evaporation of the ink 
vehicle. The driving force for the absorption of ink oils is due to the capillary 
absorption.9'10'13'14 
The study of ink setting is usually performed on instruments that determine 
the ink tack force between a freshly printed paper sheet and a probe in contact with 
the ink film. Measurements are taken at different times after ink transfer and a curve 
of ink tack force versus time is constructed. As mentioned above, ink tack build up is 
primarily caused by the penetration of the ink vehicle into the paper/coating. The 
removal of only 0.1 |j,m of the ink fluid from the surface is enough to raise the tack of 
the ink.1 Following the evolution of the ink tack provides the information of the ink 
setting. A typical tack force development curve is shown in Figure 1.2. 
5 
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Figure 1.2 A tack development curve 
The tack development curve can be divided into three stages: the ink tack 
increases, reaches a peak value, and then tapers off.1 The initial rise in the tack force 
is due to the rapid inhibition of ink into the coating/paper surface that occurs at the 
moment the ink and coating/paper make contact. The peak indicates a maximum 
separation force, and it results from the combination of the adhesivity of the 
immobilized ink layer on the coating surface and the cohesivity within the ink 
contained in the coating voids. In the third stage, the surface tack decay corresponds 
to the drying of the ink. Common values can be extracted from the tack development 
curves for quantification of ink setting rate include initial slope of tack rise, time to 
maximum tack force, and time for the tack force to decline to a specific value. 
Extensive research has been conducted in ink setting by studying the tack 
development. Results from number of model experiments and observations suggest 
that several physical factors (e.g. porosity, pore size, and latex property) have a strong 
6 
impact on ink setting.8"11'18 It has been shown that the ink setting rate increased with 
the increasing porosity and pore density, and also increased by decreasing the pore 
1 ft 
size when the porosity is kept constant. A faster setting on coating with finer pores 
has been observed and this was attributed to the capillary driving force of fine pores.8 
To understand the ink transport mechanism, Xiang and Bousfield9'10 proposed that a 
filter cake of ink pigments is formed when the coating absorbs the ink vehicle, and the 
driving force of absorption is the capillary pressure generated by the pore system of 
the coating. In essence, the presence of a filter cake retards the absorption into larger 
capillaries, giving the large volumes of fluid absorbed by large pores. Ink setting also 
varied with ink oils. In the case of offset inks, a chromatographic effect (the 
absorption differentiation of offset ink) was produced between polar vegetable oils 
and non-polar mineral oils.24 
1.3 Characterization of pigments and coating structure 
The importance of coating properties on ink setting demands a number of 
analytical techniques to characterize of the coating structure. 
1.3.1 Characterization of pigments 
1.3.1.1 XRD 
X-ray diffraction (XRD) is a method used to identify the pigment and its 
crystalline forms. Crystalline materials have characteristic diffraction patterns. For 
example, the most characteristic calcite peak occurs at 20 = 29.5° (104), and the 
characteristic peaks of vaterite and aragonite at 20= 25.0° and 20= 45.9°, 
respectively. The relative intensity of the diffraction patterns in multi-phase powder 
7 
25 
can be used to quantify the relative abundance. XRD is not spatially selective 
because parts of incident x-rays will penetrate the coating and be diffracted by filler 
minerals in base paper. 
1.3.1.2 FTIR and Raman 
Both Fourier transform infrared spectroscopy (FTIR) and Raman spectroscopy 
are rapid and non-invasive methods to identify organic or inorganic components in 
paper/coating. 
FTIR was used successfully for the simultaneous analysis of CaCCb 
26 polymorphs: calcite, aragonite and vaterite. The characteristic IR bands for CaCCh 
polymorphs are identified as: 710 cm" for calcite, 745 cm" for vaterite, 710 and 700 
cm" for aragonite. 
The pigmented paper coating surface can be analyzed by attenuated total 
reflectance (ATR) technique. ATR-IR uses a high refractive index crystal such as 
ZnSe to contact with the paper/coating. 
Virtual states 
hv9 hv0 
h(HrK) 
— » . 
fm, 
Stokes Rayleigh 
hvh 
h(v0+\y 
— • 
Vibrational states 
hv» f 
anti-Stokes IR 
Figure 1.3 Vibrational energy states and light energies involved in Raman and IR 
transitions 
In addition to FTIR, the identification of CaCCb polymorphs can be achieved 
via Raman spectroscopy. Raman spectroscopy measures scattered light and the 
vibrational energy states and light energies involved in Raman and IR are presented in 
Figure 1.2. In Raman spectroscopy, an intense monochromatic laser radiation striking 
the sample results in an inelastic Stokes Raman scattering event where the scattered 
photon has lower energy than the exciting laser light. The Stokes region of the Raman 
spectrum is more intense than the anti-Stokes region since most of the molecules are 
on the ground vibrational level at room temperature 
Raman spectroscopy is an ideal method for identifying polymorphs, because it 
provides excellent fingerprint spectra specific to each crystal structure. In the case of 
CaC03, the characteristic Raman peaks of calcite (280 cm"1) and aragonite (205 cm"1) 
are strong and narrow, whereas the vaterite bands are weak and broad and centered at 
205 and 280 cm" respectively. Anothor important feature of Raman spectroscopy is 
its capability to analyze the spatial distribution of styrene butadiene (SB) latex at the 
surface of coating layer. ' 
The characteristic peak assignments of CaCCh polymorphs from FTIR, Raman, 
and XRD are summarized in Table 1.1. 
Table 1.1 Characteristic peak assignments of CaCCh polymorphs 
FTIR 
Raman 
XRD 
Calcite 
875 and 710 cm"1 
280 cm"1 
29.5° 
Aragonite 
710 and 700 cm"1 
205 cm"1 
45.9° 
Vaterite 
745 cm"1 
205 and 280 cm"1 
25.0° 
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1.3.2 Characterization of coating structure 
1.3.2.1 SEM and TEM 
Scanning Electron Microscopy (SEM) is a common technique for analyzing 
the morphology of coatings due to its ability to image micro or sub-micron particles. 
Pigments, such as PCC, GCC and clay, can be identified under SEM. Transmission 
Electron Microscopy (TEM) provides better resolution at higher magnification than 
SEM and provides a means for analyzing the microstructure of paper coatings and 
their components. These techniques are also capable of identifying discrete pigment 
particles in coatings. 
1.3.2.2 Stylus profilometry 
Stylus profilometry can provide topographical maps of the paper roughness. 
The technique is based on the movement of a stylus across a surface while measuring 
the vertical deflection of the stylus. A spring loaded finite force is exerted on the 
stylus tip. As the stylus tip radius penetrates into the paper, the pressure under the tip 
increases. This technique can provide excellent vertical resolution in nanometer range. 
However, the lateral resolution is typically in the order of 10 microns as a large tip is 
required to prevent damage to the paper surface. 
1.3.2.3 Contact angle 
The wetting ability of a liquid with respect to a solid surface can be 
quantitatively characterized by measuring the contact angle 0 between the liquid 
meniscus and the surface. Low values of 0 indicate that the liquid spreads, or wets 
well, while high values indicate poor wetting. A zero contact angle represents 
10 
complete wetting. The contact angle is related to the surface tensions, or free energies, 
of the corresponding interface. The relation is known as Young-Dupre equation.30 
y s-y s i = y c o s e (1-1) 
Here ys, ysi and y are the interfacial free energy per unit area for the solid-
vapor, solid-liquid and liquid-vapor interfaces. 
The particular advantage of contact angle measurement in paper coating is that 
the dynamic interactions (e.g. wetting) between the fluid and surface can be 
characterized on a specific time scale. 
1.3.2.4 Porosity analysis 
The properties of coating porosity greatly impact the ink setting. Thus, it is 
important to measure the coating porosity. The porosity of the coating can be 
evaluated using several methods described as follows. 
1.3.2.4.1 Fluid absorption 
Fluid absorption is a common method to measure the void fraction of 
coating.31 A silicon oil absorption method is used to determine the total void volume 
and void fraction of a porous coating. Void fraction is determined by measuring the 
difference in mass of a sample before and after being saturated with silicon oil. 
Although void fraction and total void volume are calculated, this test gives an average 
void fraction over the entire surface of a sample. 
11 
1.3.2.4.2 Mercury porosimetry 
Mercury porosimetry is widely used for measurement of the pore size 
distribution of paper/coating.18'32"35 The measurement principle involves immersing a 
sample in mercury and measuring the volume of mercury that intrudes into the sample 
as pressure increases. Mercury does not wet the surface, so all void intrusion is forced 
by the applied pressure. At any specific pressure, there is a minimum void dimension 
that will be intruded. Thus, it is possible to determine the distribution of void sizes in 
a sample by increasing the pressure in discrete steps. This method is able to measure 
the average pore size, pore size distribution, and total pore volume. However, this 
technique gives no information as to fluid absorption rates into the pores of a sample 
under ambient conditions. In addition, this method requires relatively large samples 
compared to the length of interest. 
1.3.2.4.3 Air permeability 
There are several different devices used to measure the flow of air through a 
paper sheet. In general, these devices can provide information about the relative 
porosities of different sheets. If two different coatings have different air permeability, 
it is possibly due to structural difference within the coating. 
1.3.2.4.4 Bristow wheel test 
This test is named after J.A Bristow who designed an instrument to study 
dynamic penetration and wetting of paper.36 In a typical measurement, a paper strip is 
first mounted to a rotating wheel then is drawn past a miniature headbox, which rests 
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on the paper strip. The headbox is filled with a known amount of fluid (e.g. silicon 
oil) which has enough time for absorption depending on the speed of the wheel and 
width of the slice opening. Since the speed can be varied, a relationship between the 
amount of liquid transferred and the time for absorption can be established. This 
method analyzes the bulk permeability of a sample rather than local permeability. 
1.4 Modification of pigment surface chemistry 
The surface modification of particles is of great interest because it affects the 
charge, functionality, and reactivity of the particle. In the case of pigments used in the 
paper industry, surface modification provides a lever for generating new classes of 
pigments that could lead to desirable coating properties. 
Surface modification of particles has been carried out in solution using 
techniques such as incipient wetness impregnation ' and sol-gel deposition using 
titanium-alkoxides as precursors. The surface modification has also been 
accomplished in the gas phase using atomic layer deposition (ALD). " A gas-phase 
deposition process such as ALD does not require the use of organic solvents, and 
therefore, there is better control over the deposition parameters and film growth. 
In this thesis work, several methods have been employed for pigment surface 
modification. These include ALD, sol-gel methods, and silane surface modification 
from non-aqueous solution, from gas phase, and from SC-CO2. Among these 
approaches, ALD and sol-gel methods were used to fabricate a TiC>2 coating on 
pigments that were then used in the coating formulation for the coating preparation. 
13 
Silane modification was performed in various media in order to post-treat pigmented 
paper/coating. 
1.4.1 Atomic layer deposition 
ALD is usually applied in areas where the fabrication of controlled thin layer 
of film requires precision control of thickness and conformal structure.52"55 The 
controlled growth is achieved by repeating a series of self-limiting reactions on the 
surface.56 By far the most common usage is in the growth of metal oxide films 
involving repeated cycles of the addition of metal halide or metal alkoxide vapors and 
addition of water vapor. Metal chlorides (e.g. TiCU) are commonly used as precursors 
because they are volatile, thermally stable and react quickly with oxide surfaces. The 
precursors must chemisorb on the surface and rapidly reach saturation to ensure a 
reasonable deposition rate. The first A-B cycle of ALD deposition of Ti02 on oxide 
can be generally described as following equations and scheme (Figure 1.4). 
(M-OH)n + TiCL, • (M-0-)nTiCl4-n+ nHCl n = l , 2 (1.2A) 
(M-0-)nTiCl4-n + (4-n) H20 • (M-0-)nTi02(OH)2.n + (4-n) HCl + H20 (1.2B ) 
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Cycle B T 
Figure 1.4 Scheme of first A-B cycle of ALD deposition Ti02 on oxide 
Ninness et al. adopted the ALD method to deposit TiC>2 layer over SiCh as 
well as kaolin pigments.50 It was found only three ALD cycles was required to fully 
cover the Si02 and this was confirmed by IR, Raman and zeta potential measurements. 
Nilsen et al. deposited CaC03 thin film on Si02, AI2O3 via ALD technique, using 
Ca(thd)(2) (Hthd = 2,2,6,6-tetramethylheptan-3,5-dione), CO2, and ozone as 
precursors.57 
1.4.2 Sol-gel deposition 
The sol-gel process is a versatile solution process for making ceramic and 
glass materials.41'58'59 In general, the sol-gel process involves the transition of a 
system from a liquid "sol" (mostly colloidal) into a solid "gel" phase. Applying the 
sol-gel process, it is possible to fabricate ceramic or glass materials in a wide variety 
15 
of forms: ultra-fine or spherical shaped powders, thin film coatings, ceramic fibers, 
microporous inorganic membranes, monolithic ceramics and glasses, or extremely 
porous aerogel materials. 
In a typical sol-gel deposition process, the starting materials used in the 
preparation of the "sol" are usually inorganic metal salts or metal organic compounds 
such as metal alkoxides. The precursor is subjected to a series of hydrolysis and 
polymeration reactions to form a colloidal suspension, or a "sol". Further processing 
of the "sol" enables one to produce thin xerogel films on the substrate. With further 
drying and heat-treatment, the xerogel is converted into dense film (Figure 1.5). If the 
liquid in a wet "gel" is removed under a supercritical condition, a highly porous and 
extremely low density aerogel instead of xerogel is obtained.60'61 
particles dispersed xerogel film dense film on 
in metal alkoxide on particles particles 
solution 
Figure 1.5 Scheme of sol-gel deposition procedure 
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1.4.3 Silane post-treatment of pigment 
Silanization is a well-known method for efficiently altering the chemical 
properties of solid surfaces.62"66 The use of silanes as coupling or coating agents can 
protect metals from corrosion or even protect labile biomolecules against 
denaturization,67 reduce nanoparticle agglomeration, 8 and promote compatibility and 
bonding with an organic matrix.69"71 The silanization process can be performed with a 
variety silanes via gaseous or liquid phase reactions. Deposition from an organic 
solution (alcohol or toluene) is the most facile and common method. The applicability 
of an efficient solution modification method requires the inorganic particles to be 
completely dispersed. As a result, various approaches to functionalize nanoparticles 
have encountered limited success in materials such as colloidal silica, aluminum 
oxide,72 and titanium dioxide.73 
SC-CO2 has been used for a number of processes in industry, most notably as a 
solvent for extraction and for pharmaceutical particles engineering.74"77 The critical 
temperature for CO2 is 31 °C and the critical pressure is 73 bar (Figure 1.6). Our 
interest is in using SC-CO2 as a vehicle for performing surface reactions on pigment 
such as CaC03, Si02, TiC>2 and AI2O3. Conducting reactions in SC-CO2 has garnered 
much attention primarily because it is an environmentally benign solvent. Moreover, 
additional favorable attributes have been found in performing surface reactions on 
silica.78'79 The SC-CO2 removes the adsorbed water layer from the oxide and this is 
T O 
important when carrying out water sensitive reactions such as silanation. In addition, 
the high diffusivity of SC-CO2 brings reactants to regions of the silica surface that 
traditional solvent or gaseous treatment regimes cannot access. ' Hence, it is 
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important when using SC-CO2 as a medium to modify a coating surface. Furthermore, 
solvent separation can be easily performed by venting and there is no "caking" of the 
particulates as found with removal of water or non-aqueous solvents. When 
modifying fumed silica, a fluffy powder is obtained after silane treatments in sc-
C02 82,83 
P =73 bar 
\ liquid 
solid \ / 
s ' gas 
supercritical 
\ 
Critical point 
Temperature T=31"C 
Figure 1.6 Phase diagram of CO2 
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CHAPTER 2. EXPERIMENTAL 
This chapter describes the equipment, materials and experimental procedures 
that are common for performing the work described in chapter 3 to 6. Experimental 
procedures, materials or equipment unique to specific chapter are described in the 
experimental section of the respective chapter. 
2.1 Materials 
The Aerosil A380 silica, P25 Ti02 (70% anatase, 30% rutile) and A1203 
(Aluminum oxide C) were obtained from Degussa with a measured surface area 
7 9 7 
(B.E.T. N2) of 375 m /g, 50 m /g and 115 m /g, respectively. Titanium (IV) chloride 
(TiCU) and tetraethyl orthotitanate (TEOT) were purchased from Aldrich. Ethyl 
alcohol (200 proof) was obtained from Pharmco. Toluene and ethyldiamine (EDA) 
were obtained from Sigma. Hexamethyldisilazane (HMDZ), trimethylchlorosilane 
(TMCS) and octadecyltrichlorosilane (OTS) were used as received from Gelest. 
Ca(OH)2 was purchased from Sigma, CaCC>3 was received as a gift from Imery Inc. 
"Bone dry" liquid CO2 was provided by BOC gases. 
2.2 ALD deposition of T i0 2 on pigments 
Both the TiCU and H2O (18 mQ/cm) reagents were transferred to evacuable 
glass bulbs and the vapor of the reagents were introduced to the infrared cell using 
standard vacuum line techniques. A schematic of the IR cell for ALD is shown in 
Figure 2.1 and a picture of the IR cell mounted in the FTIR and attached to a standard 
glass vacuum line is shown in Figure 2.2. Addition of the reagent vapor occurs 
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through a series of A-B cycle. In the A half cycle, about 1 torr TiCU vapor is added to 
the silica for 10 seconds followed by evacuation to the base pressure of 10"5 torr. The 
reaction of the TiCU with the bare or treated silica is instantaneous at all temperatures. 
In the B half cycle, H20 vapor (1 torr) is added for 1 minute followed by evacuation 
for 5min to 10"5 torr. IR spectra were recorded after evacuation between each half 
cycle. 
Heating wire 
IR beam 
Csl disc 
Reagents are 
introduced into cell 
from vacuum line 
-* To detector 
Sample 
Figure 2.1 Schematic representation of in situ IR cell 
Figure 2.2 ALD apparatus: (a) vacuum line, (b) IR cell, and (c) IR spectrometer 
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2.3 Sol-gel deposition of Ti02 on pigments 
The chemical reactions and schematic of the approach used to perform 
pigment modification via a sol-gel solution method is shown in Figure 2.3. The 
optimized procedure is described as follows. 
To 100 ml ethanol, 1 g CaCC>3 and 0.5 ml distilled H2O were added. The 
suspension was then placed in an ultrasonic bath for 30 min. Next, 50ml of a 0.03 
mol/1 TEOT ethanol solution was added dropwise. The suspension was then stirred 
overnight. The next day, the suspension was centrifuged and the wet powder was 
collected, dried and grounded into a fine powder. 
Ti(OCH2CH3)4 + H 20 • Ti(OH)4 + CH3CH2OH 
(TEOT) (Ethanol) 
Ti(OH)4 • TiQ2 + H 20 
TEOT/Ethanol 
Pigment dispersed 
1 / in Ethanol/H20 
Figure 2.3 Scheme of sol-gel method for pigment surface modification 
2.4 Sc-C0 2 reaction system 
The SC-CO2 reaction system was custom built by Applitech Corporation. A 
schematic and photograph of the apparatus is shown in Figure 2.4 and 2.5, 
respectively. Briefly, this system consists of a modified HPLC pump capable of 
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pressurizing liquid CO2, delivered from a siphon tank, into the supercritical phase. Sc-
CO2 is then delivered to the first heated vessel containing reagent. The reagent 
containing SC-CO2 was then delivered to the second vessel containing the sample. For 
in situ IR monitoring, this reagent containing SC-CO2 was then delivered to the 
heatable high pressure cell mounted in the IR beam (Figure 2.2). The pressure in the 
system was maintained by the HPLC pump and a back pressure regulator capable of 
purging the vessel with a desired flow rate. 
» 7 
: 
l 
co2 
» 
> 
HPLC 
Pump " 
. . / 
• • 
Heating Jacket / ' / 
/ sample 
reagent vial 
: . 
High pressure 
IRcel l 
1 1 
^j Rack Pressure -•Vent Controller 
Figure 2.4 Schematic representation of SC-CO2 reaction system 
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Figure 2.5 SC-CO2 reaction system coupled with in situ FTIR. (a) modified HPLC 
pump, (b) back pressure regulator, (c) jacketed reagent vessels, (d) heatable high 
pressure IR cell and (e) IR spectrometer 
2.5 FTIR characterization and in-situ monitor 
IR spectra were recorded at 4 cm"1 resolution either on Bomem Michelson 102 
FTIR spectrometer equipped with a Csl beam splitter and a DTGS detector or on 
ABB FTLA 2000 spectrometer equipped with a MCT detector. Typically, 50 or 100 
scans were co-added. Most of the spectra are plotted as difference spectra. In the 
difference spectrum, the positive bands appearing in the spectrum are due to bonds 
added to the sample recorded in the reference spectrum and the negative bands are 
due to the bonds removed from the reference sample. Thus, in interpreting the spectra, 
it is important to note both the reaction conditions used to generate the spectrum as 
well as the conditions used for the reference spectrum. 
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2.6 Zeta potential measurement 
Zeta potential measurements were used to determine the isoelectric point of 
the pigment surface before and after surface modification. When pigments are 
dispersed in the aqueous solution, their surfaces carry an electrical charge. Zeta 
potential is derived from measuring the mobility distribution of a dispersion of 
charged particles. 
Zeta potential was measured with a Malvern Zetasizer 3000 system. Sample 
was dispersed in 500 ml of a 10"3 M NaCl solution. The background electrolyte 
solution was used to keep the ionic strength constant. The pH was adjusted with HCl 
and NaOH. For each sample, three measurements at each pH were averaged to 
determine the corresponding zeta potential. 
2.7 Raman 
Raman spectra were collected using a Renishaw Raman imaging microscope 
system 1000. The powdered samples were formed into dense films onto the surface of 
glass slides. The excitation source is an SDL-XC30 diode laser, operation at a 
wavelength of 785 nm and 35 mW power output at the same position. The spot size 
was approximately 2 um in diameter using a 50x Leica objective and the typical scan 
time is 30s. The 180° scattered light was collected and focused onto a charged 
coupled device (CCD) for detection. 
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2.8 Coating fabrication 
A bleached kraft paper sheet denoted "H80" paper (Hansol, Korea) was used 
as the base paper because it is a typical base sheet for premium coated grades. 
Coatings made with TiCVCaCOs or CaCCb pigments at three latex levels (5, 10 and 
20 pph) were applied with a laboratory rod draw down coater (RK Print-Coat 
Instruments Ltd. UK, see Figure 2.6) and dried at 100 °C for 1 minute. The total solid 
content (TSC) of coating formulation is 65%. 
Figure 2.6 A laboratory auto rod draw down coater 
2.9 Stylus profilometry 
The roughness of paper coating was measured with a diamond tipped stylus 
profilometer (Alpha Step 200, Tencor). The average roughness under stylus force of 7 
mg was recorded. 
2.10 Contact angle measurement 
For contact angle measurements, the water drop added on sample was 
sequentially imaged by a CCD camera (Panasonic, Japan) at 1 second interval for 1 
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minute and the contact angle of water drop was then determined using ImagePro plus 
software. 
2.11 Mercury porosimetry 
Mercury porosimetry (PoreSizer 9320, Micromeritics) was used to determine 
the porosity and the pore size distribution. This device has a pressurization system 
generating pressures from 0 to 30,000 psi with an accuracy of ± 0.1% psi of full scale. 
Pore sizes from 0.006 to 360 |am in diameter can be measured. 
2.12 Ink tack measurement 
In a typical ink setting measurement, the sample was first printed using a 
quick-set oil based ink (40 8001, Huber, Germany) on a KRK laboratory press (Japan, 
see Figure 2.7) with an ink thickness of 4 |j.m, a printing speed of 3.0m/s, and a 
printing load of 100 kg/cm . Ink tack development on printed samples was then 
measured with Micro-Tack tester developed at the University of Maine and shown in 
Figure 2.8. This Micro-Tack tester can measure the local variation of tack in a 
millimeter scale. This method involves contacting a probe with a diameter of 2 mm to 
the printed surface and measuring the force to pull the probe up and down. The tack 
force was recorded for each contact and is plotted as a function of time. 
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Figure 2.7 A KRK laboratory press 
Figure 2.8 A Micro-tack tester 
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CHAPTER 3. THE ROLE OF WATER IN THE ATOMIC LAYER 
DEPOSITION OF T i0 2 ON SiOz 
3.1 Introduction 
The first method we used to modify pigment surface chemistry was ALD. 
This is the simplest approach as it requires gaseous reactants. Furthermore, it was 
based on work by Brian Ninness in our group who successfully used ALD to deposit 
a TiC>2 layer on SiC>2 and kaolin pigments.50 Despite the successful applications ALD 
to deposit a TiCh thin layer on oxide pigments, the surface chemistry during ALD 
procedures and the parameters to control the ALD growth are not well understood. 
For example, our attempts to scale up the ALD process to form a TiC>2 layer on gram 
quantities of oxide pigments met with little success. As a result, we realized that a 
better understanding of ALD deposition of TiC*2 on oxide pigments surfaces is 
needed. In this Chapter, IR spectroscopy was used to investigate the mechanism of 
ALD deposition of a T1O2 layer on SiC"2 and specifically to determine the role of 
water. 
While various oxides have been deposited on surfaces using ALD method, the 
formation of TiC>2 layers on silica using sequential addition of TiCL vapor and H2O 
has been widely studied.42"51 The growth of TiCh on silica using TiCL is generally 
described by the following reaction sequence. 
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(Si-OH)n + TiCl4 • (Si-0-)nTiCl4-n+ nHCl n = l , 2 (3.1 A ) 
(Si-0-)nTiCl4-n + (4-n) H20 • (Si-0-)nTi02(OH)2.n * + (4-n) HCl + H20 (3.IB ) 
* Ti02 is used to indicate formation of a titania network. 
In the first step, TiCl4 vapor reacts with the surface hydroxyl groups of the 
silica forming TiClx(x= 2, 3) species anchored by Si-O-Ti bonds (equation 3.1 A), and 
releasing HCl gas as byproduct. The addition of H20 in the 2n step hydrolyze the 
TiClx surface species to Ti(OH)x which self-condense to form a Ti02 layer. Repeating 
the TiCl4 and H20 cycle propagates the Ti02 network on the silica substrate. It is 
noted that the first cycle growth is on bare silica sites whereas in the 2nd cycle, the 
growth would occur on top of the underlying Ti02 layer. Thus, the A-B half reaction 
for cycle 2 and above differs from cycle 1 and can be described as 
(Si-0-)Ti02(OH) +TiCl4 • (Si-0-)Ti02(0-TiCl3)+ HCl (3.2A) 
(Si-0-)Ti02 (0-TiCl3) + 3H20 • (Si-0-)Ti02(Ti02(OH))+3HC1+H20 (3.2B) 
There have been numerous studies on the TiCl4/H20 ALD reaction sequence 
on silica and it is generally agreed that the mechanism of Ti02 growth is more 
complicated than the reactions depicted above. For example, IR studies have shown 
the TiCl4 can react monofunctionally or bifunctionally with silanols and relative 
number of monodentate and bidentate adsorbed species is reaction temperature 
dependent. A higher percentage of monodentate species form as the reaction 
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temperature is increased. In addition, Hair and Hertl have shown that the addition of 
H2O vapor leads to the reappearance of the isolated SiOH groups, albeit at a reduced 
intensity. The authors concluded this was due to a 10% direct chlorination of the SiC>2 
surface as depicted in equation 3.3. 
Si-OH + TiCl4 • Si-Cl + Ti(OH)Cl3 (3.3 ) 
Direct chlorination of the silica surface was supported by Haukka et al. 45' 46 
They found that the reaction of TiCU with silica resulted in a Cl/Ti ratio above 3 and 
concluded that direct chlorination occurred to account for the high Cl/Ti ratio. 
It is noted that the above studies focused on describing the reaction in the first 
cycle. With subsequent cycles, the surface is covered with a TiC>2 coating. Aarik et al 
investigated the ALD growth of TiC>2 using T i C V ^ O on a Si02 substrate at different 
temperatures using a quartz crystal microbalance (QCM).42 While the reaction 
between TiCU and TiOH surface sites as described in equation 3.2A was postulated, 
the reaction was more complex as additional reaction intermediates such as Ti(OH)Ci2 
and TiOCh were proposed. Furthermore, they found that the growth rate of Ti02 was 
temperature dependent. The growth rate was a minimum at temperature of 
200 - 250°C, and increased at temperature below 200°C and above 350°C, and varied 
inversely with the amount of CI adsorbed. A lower amount of CI at temperatures 
below 200°C was attributed to the higher hydroxyl concentration at lower temperature 
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leading to more (SiO^TiCh bidentate species, or that the CI was hydrolyzed by 
reaction with molecular water on the surface. 
It is noted that previous IR studies have almost exclusively focused on the 
sequential reaction of TiCL, and water with silica in the 1st cycle.43"48'84 In this 
chapter, we use IR spectroscopy to investigate the ALD reaction of TiCU and H2O as 
precursors on silica for the first and subsequent cycles as a function of reaction 
temperature. Moreover, we employ a thin film IR technique that allows for in situ 
detection of infrared bands due to adsorbed species across the entire infrared region. 
In the reaction of TiCU vapor, this enables detection of changes in the hydroxyl 
groups as well as characteristics low frequency bands due to Si-O-Ti, Si-Cl and Ti-Cl 
modes that should lead to a clearer picture of the reaction occurring in the first and 
subsequent ALD cycles. A particular focus of our study in this chapter has been to 
determine the role of surface water on the reaction and growth of the TiC>2 layers. 
3.2 Experimental Section 
The silica was pressed into self-supporting disks (20 mg/cm2 using minimal 
pressure) or spread as a thin film on the standard 1-in Csl infrared disk. The silica 
sample was then placed in an evacuable and heatable infrared gas cell equipped with 
Csl windows. When using a self-support disk, the reference is recorded through the 
evacuated IR cell with no sample present. While the self-supported disks are opaque 
in the region below 1300 cm"1 where the characteristic bands due to Ti-O-Si, Si-Cl 
and Ti-Cl modes appear, the bands due to surface hydroxyl groups are of sufficient 
intensity that changes in the hydroxyl regions can easily be determined. Partial 
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transparency across the entire region is obtained when using thin silica films but at the 
expense of probing less silica, thus, a reference is recorded through the silica thin 
film. The details of preparing thin silica films and the infrared cell are described 
elsewhere. 
The ALD depostion was performed according to the procedures described in 
Chapter 2. 
3.3 Results and Discussion 
3.3.1 Reaction during the first A-B cycle at room temperature 
The spectra shown for the first ALD cycle using the self-supporting silica disk 
in Figures 3.1 are typical of those reported in the literature. ' Figure 3.1a shows the 
IR spectrum of a pressed disk (20 mg/cm ) evacuated at room temperature. The 
assignments of the bands are well documented. " In the region between 
3800-3000 cm"1, the band at 3747 cm"1 is due to isolated SiOH groups, a broad band 
at 3650 cm"1 is due to inaccessible hydroxyl groups and the broad band centered near 
3550 cm"1 is due to hydrogen bonded groups. The bands between 2000 and 1300 cm"1 
are due to various Si-0 combination modes of the bulk material. Figure 3.1b shows 
the spectrum after addition of TiCU vapor followed by evacuation (i.e. a typical 
A-dose in the first cycle). It is clear that all isolated groups react with the TiCU vapor 
at room temperature as the band at 3747 cm"1 completely disappears from the 
spectrum. It is also noted that the H-bonded groups do react to some extent as 
evidenced by the decrease in the band near 3550 cm"1. This is consistent with the 
findings of others.43'44'46'49 
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Reaction of TiCU with silica was rapid and complete within the 10-second 
contact time. Addition of a second dose of TiCL, vapor did not result in further 
changes to the spectrum. This shows that TiCU is a very reactive compound with 
silica compared to commonly used silanating agents such as chlorosilanes. 
Chlorosilanes show little reactivity with H-bonded silanols and direct with the isolated 
silanols occurs only at temperatures above 300°C.85 
In the second step of the first cycle (3. IB), water vapor was introduced and the 
spectrum obtained is shown in Figure 3.1c. The broad band at 3400 cm"1 along with 
the band at 1610 cm"1 is due to molecularly adsorbed water on the surface. The 
appearance of an adsorbed water layer that remains with evacuation after one cycle 
shows that at this early stage of the ALD process, the surface has acquired 
"titania-like" attributes. While adsorbed water is easily removed by evacuation at 
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room temperature on silica, the water layer remains on metal oxides such as T1O2 
and WO3 with evacuation at temperature of 300 °C.89 Figure 3.1c also shows the 
reappearance of a band (albeit weak in intensity) at 3747 cm"1 indicating that the 
addition of water leads to the reforming of isolated SiOH groups on the surface as 
originally reported by Hair and Hertl. 43 
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Figure 3.1 IR spectra of (a) S1O2 pressed disk, and after (b) addition of excess TiCU 
vapor followed by evacuation, then (c) addition of H2O vapor followed by evacuation 
In the corresponding thin film experiment, a typical spectrum obtained for the 
reaction of gaseous TiCU with silica is shown in Figure 3.2a. The appearance of a 
negative sharp band at 3747 cm"1 and a broad negative feature near 3520 cm"1 are 
consistent with the spectrum obtained using the pressed disk in Figure 3.1. In essence, 
the difference spectrum shown in Figure 3.2a would be equivalent to subtracting 
curve la from lb. Negative bands at 3747 and 3520 cm"1 in Figure 3.2a shows that the 
reaction of TiCU occurs with both isolated and H-bonded SiOH groups. As found in 
Figure 3.1 with the self-supporting silica disks, the intensity of the negative band at 
3747 cm"1 in Figure 3.2a represents 100% of the isolated SiOH groups reacting with 
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the TiCU vapor. In the low frequency region, the appearance of Si-O-Ti modes at 
1004 cm"1 and 913 cm"1 and Ti-Cl modes at 500 cm"1 and 420 cm"1 show that the 
reaction occurs to form both monodentate and bidentate species according to 
reaction 3.1 A. 
a 
i 1 1 1 1 1 1 — 
4000 3500 3000 2500 2000 1500 1000 
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500 
Figure 3.2 Thin film spectra of silica after (a) addition of excess TiCU vapor followed 
by evacuation, then (b) addition of H2O vapor for 1 minute followed by evacuation, 
(c) b-a 
The band at 1004 cm" is assigned to the Si-O-Ti stretching mode of a 
SiOTiCb monodentate species, while the bands at 913 cm"1 is attributed to 
(SiO)2TiCi2 bidentate species.49,50 The two bands at 500 cm"1 and 420 cm"1 are the 
corresponding antisymmetric and symmetric Ti-Cl modes of the adsorbed species. 
Both the monodentate and bidentate species would produce two TiCl modes. From 
comparison the chlorosilanes, these are anticipated to occur at the same frequency for 
bidentate and monodentate adsorbed species.85,90 There are additional weak broad 
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bands at 780 and 720 cm"1 which lie in the region of Ti02 modes. The origin of these 
bands remains unclear. Molapo91 has shown that with continual evacuation the bands 
at 780 and 720 cm" increased in intensity, and attributed this to the sequential 
elimination of CI from the adsorbed species. It is also possible that these bands are the 
result of hydrolysis of adsorbed species with rogue water in the vacuum lines. TiCU 
vapor is very reactive with water and although we take precautions to eliminate water 
vapor from the system we expect some leakage of air into the glass vacuum line could 
occur during incubation of the sample with the TiCU vapor. Interestingly, there are no 
bands near 620 cm"1 where a surface Si-Cl mode arising from direct chlorination 
would appear. It is noted that the Si-Cl is a strong band85'90 and thus direct 
chlorination representing a level of 10% of the surface silanols reaction as reported by 
Hair and Hertl43 should result in a detectable sharp band near 620 cm"1. 
The difference IR spectrum after the first B-type dose at room temperature 
(i.e., subsequent addition of water vapor, followed by evacuation) is shown as Figure 
3.2b. The appearance of the broad band around 700 cm"1 and a band at 380 cm"1 is 
evidence of the formation of a Ti-O-Ti network. The IR spectrum of commercial 
Degussa P25 Ti02 powder produces the same two Ti-O-Ti bands (spectrum not 
shown). As in Figure 3.1c, the appearance of the broad band above 3350 cm"1 along 
with the band at 1610 cm'1 is due to water absorbed on this treated surface. The 
disappearance of the Ti-Cl bands and formation of Ti-O-Ti mode show that the TiOH 
formed in the hydrolysis of the Ti-Cl mode then condenses to a Ti02 network. 
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As found in Figure 3.1c, the SiOH band at 3747 cm"1 partially returns after 
addition of water. This is more clearly visible in Figure 3.2c, which is the subtraction 
of Figure 3.2a from Figure 3.2b. It is noted that the appearance of a SiOH band is 
accompanied by a decrease in the Si-O-Ti bands at 1004 and 913 cm" . This shows 
that the formation of the SiOH groups is due to cleavage of some of the covalently 
attached (Si-0)nTiCl4.n (n=l,2) surface species and not due to hydrolysis of surface 
Si-Cl species. Cleavage of a Si-O-Ti bond would yield surface SiOH and gaseous 
products such as Ti(OH)2Cl2. The formation of Ti(OH)2Cl2 has been postulated for the 
reaction of TiCU with Ti02. ' ' Given the spectroscopic evidence, at least one 
additional reaction occurs in the first cycle. 
(Si-O-)
 nTiCl4-n + nH20 — • Si(OH)n + Ti(OH)nCl4-n n=l,2 (3.4) 
3.3.2 Reaction in the second and higher ALD cycles at room temperature 
Infrared spectra were then recorded after the addition of TiCU and water at 
room temperature for cycle 2 and higher. Typical spectra are shown in Figures 3.3 
and 3.4 after each half cycle (i.e., after TiCU addition in Figure 3.3, after H2O addition 
in Figure 3.4). The reference spectra in Figure 3.3 are the single beam spectrum 
recorded after water addition in the previous cycle. For example, the reference 
spectrum for Figure 3.3c is the single beam spectrum recorded after addition of water 
in cycle 2. Thus, the difference spectra show the changes due to reaction of the TiCU 
with the underlying surface created in the previous ALD cycle. As with cycle 1, 
addition of TiCU in cycle 2 and 3 shows a complete removal of the residual SiOH 
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band at 3747 cm" and this was accompanied by the appearance of Si-O-Ti modes at 
1004 and 913 cm"1. We recall that the TiCU reacts with all isolated SiOH groups in 
the first cycle but that a portion of these SiOH groups returns when the sample is 
exposed to H2O vapor. With each increasing cycle, the number of SiOH groups 
returning diminishes leaving fewer isolated SiOH groups available to react with TiCU 
in the next cycle. After 3 cycles, there are few, if any, SiOH groups reappearing. 
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Figure 3.3 IR difference spectra after (a) first, (b) second, (c) third, and (d) fourth 
cycle addition of TiCU vapor followed by evacuation. The reference is the single 
beam spectrum recorded after H2O addition in the previous cycle 
In cycle 2, the TiCU vapor can also react with the Ti02 layer as well as 
polymerize with the adsorbed water. The latter is clearly evidenced by the decrease in 
the band at 1610 cm"1 (adsorbed water) and the formation of a band at 860 cm"1 along 
with broad ill-defined feature between 1000-300 cm"1 in Figure 3.3b. The amount of 
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adsorbed water on the surface increases from cycle to cycle (see Figure 3.4, band at 
1610 cm") and so does the level of hydrolysis of TiCU with this adsorbed water (see 
Figure 3.3b-3.3d). Additional evidence of hydrolysis is provided by the Ti-Cl bands. 
In Figure 3.3, Ti-Cl modes are clearly seen but the intensity of these bands decreases 
from cycle to cycle and the bands are not observed at all after cycle 5 (not shown). 
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Figure 3.4 IR difference spectra after (a) first, (b) second, (c) third and (d) fourth 
cycle addition of H2O vapor followed by evacuation. The reference is the single beam 
spectrum of evacuated silica 
3.3.3 ALD deposition at different temperatures 
As reported by Aarik et al,42 the layer by layer growth in ALD processes using 
TiCU (and most other ALD precursors) shows a temperature dependence in the 
cycle-to-cycle thickness of the layer. At temperature below 200°C, the cycle-to-cycle 
growth decreases with the temperature. The spectra in Figure 3.3 and 3.4 clearly show 
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that polymerization of TiCL; varied with the amount of adsorbed water and this may 
be the source of the temperature dependence in film growth. As mentioned earlier, the 
adsorbed water layer is easily removed on silica, but this layer remains on Ti02 and 
only removed with evacuation above 300°C. To investigate the origin of the 
temperature dependence in film growth, the same procedures in recording infrared 
spectra at various stages during the ALD deposition process at room temperature were 
used to record spectra for the ALD reactions conducted at 100°C, 200°C, and 300°C. 
Figures 3.5c and 3.5d show typical spectra obtained after the addition of TiCLt 
and H2O, respectively at 300°C in cycle 1. For comparative purpose, the same spectra 
obtained in cycle 1 for the reaction at room temperature are shown as Figure 3.5a and 
Figure 3.5b. In both Figures 3.5a and 3.5c, reaction with the isolated SiOH groups 
(band at 3747 cm"1) was complete. This is not surprising as it was shown in Figure 3.1 
that TiCU is reactive with all isolated SiOH groups and some H-bonded silanols at 
room temperature. 
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Figure 3.5 IR difference spectra of first addition of TiCLt vapor followed by 
evacuation (a) at room temperature, and (c) 300°C followed by addition of H2O vapor 
then evacuation (b) at room temperature, and (d) at 300°C. The reference spectra are 
the evacuated silica recorded at the respective temperatures 
There are several differences between the reaction of TiCU with silica at room 
temperature and 300°C (see Figures 3.5a and 3.5c). One difference is that there are 
fewer H-bonded groups on the silica surface when heated to 300°C and thus there is 
no negative band near 3520 cm"1 in Figure 3.5c. It is also noted that the Ti-Cl bands at 
500 and 420 cm"1 are not present in the reaction at 300°C. Molapo91 have studied in 
detail the time evolution of the Ti-Cl modes for TiCU reacted with silica at room 
temperature. With increasing evacuation time over a period of 15 hours, they found 
that the band at 500 cm"1 showed a steady decrease in intensity and this was 
accompanied by complex changes in the lower Ti-Cl mode. They suggested a process 
in which a CI atom is sequentially eliminated from Si-O-TiCb, giving -TiCh, -TiCl 
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fragments. We observed this same behavior with prolonged evacuation at room 
temperature. At 300°C, this process is accelerated and this may account for the 
absence of Ti-Cl bands in Figure 3.5c relative to Figure 3.5a. Another difference 
between Figure 3.5a and 3.5c is in the relative intensity of the two Ti-O-Si modes at 
1004 and 913 cm" . There are relatively more bidentate species in the reaction 
conducted at room temperature which is consistent with the results reported by Blitz.49 
At all temperatures, the exposure to water vapor in the 1st cycle results in the 
formation of a TiC>2 network as shown by the appearance of a broad band near 
700 cm"1 and this is accompanied by bands due to adsorbed water on the surface. 
Addition of H2O at 300°C also results in the regeneration of SiOH groups, arising 
from the cleavage of the Si-O-Ti bond. However, as a general trend, it is found that as 
the reaction temperature increases, there is an increase in the number of Si-O-Ti 
bonds broken, and so does the number of cycles in which the isolated SiOH group 
returns. For example, after 3 ALD cycles at room temperature there is no longer an 
isolated SiOH band reappearing whereas this point occurs after 8 cycles at 300°C. 
It remains to explain why a fraction of the Si-O-Ti bonds are cleaved yielding 
SiOH groups with addition of H2O vapor and why this fraction decreases with 
subsequent AB cycles. In the first cycle, a significant portion of the adsorbed 
SiOTiCl3 and (SiO)2TiCl2 species are in close proximity such that the addition of 
water vapor leads to formation a Ti-O-Ti polymerized network. It is unlikely that this 
cross linked structure would be eliminated from the surface as it would require 
simultaneous breaking of multiple Si-O-Ti bonds. A smaller fraction of SiO-TiCb and 
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(SiO)2TiCl2 species would be truly isolated and unable to crosslink with adjacent 
adsorbed species. Breakage of the Si-O-Ti bond of these isolated species would 
release volatile species such as TiCl2(OH)2 from the surface and regenerate a Si-OH 
bond in the process (Figure 3.6). The buildup of a Ti02 network with each additional 
cycle would lead to fewer isolated groups that cannot cross link with the encroaching 
Ti02 film. Evidence supporting the argument that the number of Si-O-Ti bonds per 
adsorbed species is important in the stability of the species to removal by H2O is seen 
in Figure 3.5. For H2O addition at both room temperature and 300°C, the relative 
decrease in intensity of the band at 1004 cm"1 is greater than of band at 913 cm"1. This 
shows that the SiO-TiCU species are preferentially removed over (SiO^TiCb species 
anchored to the surface through two Si-O-Ti bonds. 
Ti02Cl2 
TiOCI3 
HC1 
Figure 3.6 Schematic representation of the Is addition of H2O dose in ALD 
deposition of Ti02 on Si02 
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3.3.4 ALD Cycle to cycle TiCh growth at different temperatures 
To calculate the growth rate of Ti02 for each cycle, the intensity of the Ti-0 
bulk mode at 700 cm"1 was measured and then normalized by the intensity of Si-0 
bulk mode at 1160 cm"1. This is labeled as A(Ti-0)/A(Si-0) in Figure 3.7. The 
normalization by the Si-0 bulk mode is used to eliminate sample to sample variation 
in the amount of silica probed by the infrared beam. Figure 3.7 is a plot of the relative 
cycle to cycle growth of TiCh on the silica as a function of ALD cycles at different 
reaction temperatures. The data in Figure 3.6 include the reaction conducted at 400°C 
as this temperature was needed to eliminate all evidence of adsorbed water on the 
surface between cycles. However, the ALD reaction could not be carried out at this 
temperature because the TiCU vapor decomposed directly with the surface forming a 
thick opaque layer. Thus, heating to 400°C was only done during the addition of the 
water vapor. The cell was then cooled to room temperature before exposure to the 
next TiCL dose. 
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Figure 3.7 Normalized amount of Ti02 as a function of ALD cycle at different 
reaction temperatures 
For the 1st cycle, the amount of TiCh growth is almost temperature 
independent even though the ratio of Si-OTiCl3 and (Si-0)2TiCl2 adsorbed species 
varies with reaction temperature. We recall that evacuation at room temperature 
removes all H2O adsorbed on the SiCh surface and thus polymerization with the 
adsorbed water does not occur in the first TiCU dose irrespective of the reaction 
temperature. Furthermore, the reactivity of TiCU with the isolated SiOH groups is the 
same at all temperatures as all isolated SiOH groups react instantaneously with T1CI4. 
However, evacuation of silica at elevated temperatures does alter the hydroxyl type 
and density of the surface. At room temperature, the isolated OH and H-bonded OH 
densities are approximate 1.1 and 1.4 OH/nm . There is no change in the hydroxyl 
bands with evacuation between room temperature and 150°C, whereas evacuation 
with increasing temperature between 150°C and 400°C leads to a decrease in the 
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H-bonded groups and this is accompanied by an increase in isolated silanols. At 
400°C, the H-bonded groups are eliminated and there is a 30% increase in isolated 
silanols reactive to the number present at room temperature evacuation. 
Despite the loss of H-bonded groups, change in OH population, and difference 
in monodentate/bidentate ratios with reaction temperature the amount of adsorbed 
Ti02 formed at the end of cycle 1 is about the same for each reaction temperature. In 
comparing the room temperature and 300°C reactions, there is a lower number of 
H-bonded groups and increased level of Si-O-Ti bond cleavage with H2O vapor 
addition at 300°C. Based on these factors alone, this would lead to a smaller TiCh 
amount. However, this is offset by the increase in number of isolated silanols and 
higher monodentate/bidentate ratio at the higher temperature. Evidently, the overall 
combination of these factors led to a temperature independent amount of TiCh 
deposition in the first ALD cycle. 
The cycle-to-cycle growth with temperature deviates after the second cycle 
and it is noted that the largest difference in film growth rate is between room 
temperature and 100°C. A prominent difference between the spectra shown in 
Figures 3.5b and 3.5d is the amount of adsorbed water remaining on the surface. 
Clearly there is less adsorbed water at 300°C available to polymerize with the TiCU in 
the next cycle. Figure 3.8 is a plot the relative amount of absorbed water as function 
of ALD cycles at different temperatures. The relative amount of water was computed 
by normalizing the integrated intensity of water band at 1610 cm"' to a bulk silica 
mode at 1120 cm"1. This value is plotted in Figure 3.8. It clearly shows a strong 
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correlation between the amount of water and growth rate in the ALD process showed 
in Figure 3.6. The largest difference in the amount of adsorbed water occurs between 
room temperature and 100°C and this is where the largest difference between the rates 
of deposition in Figure 3.7. The difference in adsorbed water is much less between 
100°C and 300°C and there is a smaller difference in the amount of T1O2 deposition 
between these temperatures. This strong correlation between the amount of water on 
the surface and cycle-to-cycle growth rate shows that polymerization of TiCU with the 
adsorbed water layer contributes to temperature dependent growth rate at temperature 
between 300°C and ambient. 
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Figure 3.8 Normalized amount of adsorbed water as a function of ALD cycle for 
different reaction temperatures 
3.4 Conclusion 
Infrared studies of the ALD deposition of TiC>2 on silica show that a 
complicated set of reactions occur on the surface. This is particularly true in the first 
47 
few cycles, where there is a transition from a silica surface to a "titania-like" surface. 
The addition of water vapor in the first few cycles led to cleavage of some Si-O-Ti 
bonds resulting in the regeneration of silanol groups. The number of Si-O-Ti bands 
cleaved decreases with propagation of Ti-O-Ti network. Our work shown there is no 
evidence supporting the reformation of SiOH via direct chlorination. Once the 
underlying silica is fully covered with a Ti02 layer, the TiCU adsorption occurs via 
direct reaction with the Ti02 and with polymerization with the adsorbed water layer. 
It is shown that the temperature dependent growth rate below 300°C is due to the 
temperature variation in the amount of adsorbed water on the surface. 
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CHAPTER 4. REACTION OF SILANES IN SUPERCRITICAL C 0 2 
WITH OXIDE PIGMENTS 
4.1 Introduction 
The main theme of the thesis is to modify pigment surface chemistry and 
subsequently to understand its role in offset ink setting. In addition to CaCC>3, oxide 
pigments (i.e., SiC>2, TiCh and AI2O3) are also commonly used in paper coating. 
Ideally, a common surface treatment method that could be applied to all pigment 
materials is desirable. In this regard, treatment of surfaces with silanating agents has 
been applied to numerous materials.62"64'85 The silanating agent binds to reactive sites 
on the surface and/or polymerizes with the adsorbed water layer. Although silanating 
reactions can be done using a non-aqueous solvent such as toluene, there are several 
advantages to using SC-CO2 as the solvent.78'79 These advantages have been 
demonstrated by chemically modifying the surface of siliceous materials, and it is not 
know if they occur on other oxide materials. 
On silica, the high diffusivity and low surface tension of SC-CO2 enable 
O A 01 
reagents to access the interparticle regions of powders and buried interfaces. ' 
From a processing point of view, large quantities of oxide powder can be treated 
without the need of mixing or fluidization.82'83 Furthermore, solvent separation can be 
done by the means of simple venting and this does not result in "caking" of the 
powder. 
IR studies of silane reaction on fumed Si02 powders showed that SC-CO2 had 
additional advantages.78'79 In particular, it was found that SC-CO2 extracts water from 
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the Si02. The amount extracted was pressure tunable and this is important for water 
sensitive reactions such as silanation. This behavior with the adsorbed water is 
opposite to that found with traditional nonaqueous solvents. In this case, Si02 is the 
desiccant, extracting water from the nonaqueous solvent. It is also important that the 
solvent does not strongly interact with the surface sites. In this regard, the sc-CCh 
shows only a weak van der Waals interaction with the surface silanols and this, in 
turn, enables a wide range of reactants to be used with this solvent system. As a result, 
sc-CCh based methods for surface modification of siliceous materials have been 
applied to metal oxide thin film deposition on silicon substrates, " fabrication of 
nanowires incorporated into mesoporous SiCh, and silane treatment of powders ' ' 
7
 or polymer coated silicon wafers. 
We are interested in extending the use of SC-CO2 as a solvent for the surface 
treatment to oxide pigments other than SiCh. While the use of SC-CO2 as a solvent for 
silane treatment on ITO (indium tin oxide)98 and TiCh" has recently been reported. 
As mentioned earlier, it is not known if the advantages found with a SC-CO2 based 
process for modification of SiCh can be generalized to other oxide particles. One 
primary difference between SiC>2 and metal oxides is that CO2 interacts weakly with 
SiC>2, whereas carbonate species (e.g. carbonate, bicarbonate and carboxylate) form 
on metal oxides such as Ti02 and AI2O3.100 This could affect the surface modification 
when using SC-CO2 as a solvent, as it has been shown that carbonate species on metal 
oxides act as poisons in several catalytic processes. In chapter 6, we found poor 
coverage in silane treatment of HP brochure paper. This paper contains AI2O3 
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pigments, and thus a poor coverage could be traced to formation of carbonate species. 
Furthermore, it is not clear that the desiccating power of SC-CO2 found with SiCh 
extends to metal oxides. While water is removed from fumed SiC>2 by simple 
evacuation at room temperature,50 evacuation temperatures above 350°C are required 
to remove the water layer from metal oxides.89'102 Note that here we refer to removal 
of molecularly adsorbed water and not to water generated by dehydroxylation of the 
metal oxide surfaces. 
The motivation for the study in this chapter is to gain an understanding of the 
role of SC-CO2 as a solvent for surface treatment with oxide pigments other than SiCh. 
Specifically, we use infrared spectroscopy to monitor the interaction of SC-CO2 at 
various pressures with the surface of TiCh powders and compare these results with our 
earlier work on S1O2.78'79 We also investigate the role of SC-CO2 in the reaction of 
silanes with Ti02 and AI2O3. In particular, we compare the reaction of HMDZ and 
TMCS with Ti02 and AI2O3 from the gas phase and SC-CO2. 
4.2 Experimental section 
The apparatus used to modify powders from SC-CO2 is described in detail in 
Chapter 2. 
The transmission infrared cell with ZnSe windows enabled in situ collection 
of spectra through the entire pressure range of 57 bar to 128 bar. The procedure for 
preparing Ti02 and AI2O3 thin films is described in detail elsewhere. In brief, a small 
amount (ca. 0.2 mg) of TiC>2 or AI2O3 powder was spread onto a 13 mm diameter KBr 
51 
disc and then mounted into the IR cell. The IR cell containing the Ti02 or AI2O3 was 
maintained at 50 °C. 
In a typical SC-CO2 experiment performed in this chapter, the IR cell 
containing the Ti02 or AI2O3 sample was first purged with dry N2 gas for 10 min. The 
sample was then contacted with CO2 at a starting pressure of 57 bar to a maximum 
pressure of 128 bar. IR spectra were collected at specified pressure intervals. SC-CO2 
is transparent in the spectral region containing the bending mode of water (1640-1610 
cm"1) and this band is used to monitor the change in the water layer as a function of 
CO2 pressure. Next, the sample was purged with a continuous flow of SC-CO2 (100 
bar, 50 °C) at a rate of lml/min for a specified time. The cell was then vented to 1 bar 
and purged with a dry N2 stream. IR spectra were recorded during the sc-CCh purge as 
well as before and after the N2 purge. SC-CO2 is opaque in the infrared regions of 
3850-3450 and 2550-2100 cm"1 and from 800 cm"1 to the ZnSe cutoff at 650 cm"1. By 
venting the CO2 and purging with N2 gas, accessibility to the full spectral region from 
4000 to 650 cm"1 was achieved. 
The above pretreatment process with sc-CCh was performed for each sample 
prior to addition of the silane. The cell was filled again with SC-CO2 to 100 bar, 
followed by the addition of the silane reagent pre-dispersed in SC-CO2. This silane/sc-
CO2 mixture was passed over the oxide thin film mounted in the IR cell. After 5 min 
contact time with the silane/sc-CCh mixture, the cell was then flushed with pure sc-
CCh at 100 bar for 30 min to remove the excess silane, followed by venting and 
purging with a dry N2 gas stream. A 5 min contact time with the silane in sc-CCh was 
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sufficient for complete reaction, as longer contact times did not lead to additional 
changes in the IR spectra. 
4.3 Results and Discussion 
4.3.1 Interaction of sc-CCh with the water layer on TiCh 
Figure 4. la is a spectrum of a TiCh sample recorded under a N2 purge at 
50 °C. The spectrum shown in Figure 4. lb was recorded after the same Ti02 sample 
was then placed in contact with a continuous flow of SC-CO2 (100 bar, 50°C) for 1 h 
followed by venting and a N2 purge. The difference spectrum (Figure 4.1c) has 
negative water bands (broad OH stretch centered at 3380 cm"1 and water deformation 
mode at 1640 cm"1). This shows that contact of Ti02 with the SC-CO2 removed about 
50% of water adsorbed on the Ti02 (determined by the change in the integrated peak 
area of the band at 1640 cm"1). Longer purge times with SC-CO2 did not lead to a 
further decrease in the amount of water on the surface. This differs from fumed Si02 
where a SC-CO2 purge under the same conditions removed all water from the surface. 
This difference in desiccating behavior of SC-CO2 with Ti02 and Si02 is consistent 
with their respective desorption behavior under evacuation. With fumed Si02, the 
water layer is removed by simple evacuation at room temperature,50 whereas on Ti02, 
the water layer is completely removed only after evacuation above 350 °C.102 It is 
also noted that the infrared peak of the residual water on the Ti02 surface shifts from 
1640 to 1620 cm"1. This indicates that the majority of water molecules remaining on 
10? 
the Ti02 surface after SC-CO2 extraction are isolated from each other. The SC-CO2 
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extracts the more weakly bound water on TiCh leaving the more strongly bound and 
isolated water layer on the surface. 
There is another notable difference in the spectra shown in Figure 4.1 that did 
not appear in the corresponding spectra obtained with fumed S1O2. In Figure lb, there 
is a band at 1560 cm"1 which is attributed to formation of carbonate species on the 
TiC>2 surface.100 This does not occur on SiC>2 and as shown later, the formation of 
carbonate species impedes the reaction chemistry of silanes on these materials. 
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Figure 4.1 Infrared spectra of TiC>2 (a) recorded under a N2 purge at 50°C and (b) after 
SC-CO2 (lOObar, 50°C) purge for lhour, followed by a N2 purge for lmin. (c) 
Difference spectrum b-a 
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Contact with SC-CO2 also produces changes in bands due to Ti-OH modes. In 
Figure 4.1b, the most notable changes are a decrease in intensity of the band at 3695 
cm"1 and the appearance of a band at 3634 cm"1. The band at 3695 cm"1 is assigned to 
free Ti-OH hydroxyl groups and its decrease in intensity is attributed to the reaction 
between the hydroxyl groups and CO2, resulting in the formation of bicarbonate 
species on the TiC^.103 The appearance of the band at 3634 cm"1 is due to bridging 
hydroxyl groups that are exposed by removal of the adsorbed water layer.104 
Figure 4.2 shows the change in the water bending mode region with the 
sequential increase in CO2 pressure at 50 °C. Contact of the TiC"2 with the liquid CO2 
at 57 bar led to a shift in the water bending mode from 1640 to 1620 cm"1 as well as 
an increase in intensity. This shift from 1640 to 1620 cm" and increase in intensity 
are due to extraction of water into the fluid phase as the bending mode of water 
1 7Q 
dispersed in SC-CO2 appears at 1610 cm" . This shift was accompanied by a decrease 
in intensity of the water band centered at 3380 cm"1 (not shown), which provides 
additional evidence for extraction of water into the fluid phase. Note that the spectra 
in Figure 4.2 differ from Figure 4.1b where a 50% decrease in intensity of the 1640 
cm"1 mode was observed. Figure 4.1b was recorded after the SC-CO2 was vented 
followed by a N2 purge and thus would not have spectral contributions from water 
dispersed into the SC-CO2 fluid phase. 
A second change occurred when the pressure was increased above 78 bar (i.e. 
transition from liquid CO2 to SC-CO2). Specifically, a shift from 1620 to 1615 cm"1 
occurs and this is due to further extraction of water into the fluid phase. This is 
55 
accompanied by the appearance of a band at 1670 cm" and shoulder at 1560 cm" due 
to formation of the carbonate species (asym. vc=o) on TiCh. At higher pressures, there 
is a small increase in intensity in the band at 1615 cm"1. 
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Figure 4.2 IR spectra of the bending mode of water on TiCh recorded (a) under a N2 
purge and then at CO2 pressures of (b) 57 bar, (c) 78 bar, (d) 115 bar and (e) 128 bar 
While there is only partial extraction of water on TiC>2 compared to complete 
removal of water on SiCh, both oxides show an abrupt change in the amount of water 
extracted after the transition from liquid to SC-CO2. However, the solubility of water 
exhibits a gradual increase with pressure through the liquid-supercritical transition. A 
possible explanation for this abrupt change in water extracted on silica is that it is due 
to an increase in wetting of the oxide surface in going from the liquid to supercritical 
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state. An increase in wetting of the Ti02 (i.e., increase in contact of SC-CO2 with Ti02 
surface) is also used to explain the increase in water extracted in SC-CO2 and 
carbonate species formation on the surface (bands at 1670 and 1560 cm'1) that occurs 
after the transition from liquid to SC-CO2. 
4.3.2 Formation of carbonate species on TiCh 
IR studies of CO2 adsorption on metal oxide have been reported.100'102'103'105" 
107
 CO2 is a weak Lewis acid and interacts (at ambient temperature) with basic sites 
including OH groups, as well as coodinatively unsaturated anion and anion-cation 
couples on the surface of metal oxides. Species arising from CO2 adsorption on metal 
oxides have been identified as carbonate, bicarbonate, and carboxylate groups. The 
frequencies of IR bands due to carbonate species and their assignment are 
summarized in Figure 4.3 and Table 4.1. 
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Figure 4.3 Summary of the bonding configurations of CO2 adsorbed on TiC>2 
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Table 4.1 Species due to CO2 adsorbed on Ti02 and their corresponding infrared 
A 
B 
C 
D 
Species due to CO2 adsorption 
carboxylate 
monodentate carbonate 
bidentate carbonate 
bicarbonate 
IR bands (cm"1) 
1560, 1180 
1430 
1580 
1670, 1350 
The spectrum in Figure 4.4a shows that there are several carbonate species 
formed on TiC>2 when placed in contact with SC-CO2. From a comparison to literature 
values,100 the 1430 cm" band in Figure 3a is assigned to monodentate carbonate and 
the band at 1580 cm"1 is attributed to bidentate carbonate. The 1670 and 1350 cm"1 
bands are due to bicarbonate species and bands at 1180 and 1560 cm"1 are due to 
carboxylate species. Other bands between 1300-1200 cm"1 (denoted as *) are due to 
residual gaseous CO2 in the cell before purging with gaseous N2. The intensities of all 
bands due to carbonate species are reduced under a N2 purge. After 5 min of N2 purge, 
all bands disappear except the bands due to carboxylate species (Figure 4.4b). 
Nevertheless, it is noted that all species would be present on the surface in a reaction 
where SC-CO2 is used as a solvent. 
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Figure 4.4 IR difference spectra of Ti02 in contact with a continuous flow of SC-CO2 
at 100 bar and 50° C for 2 hour followed by (a) venting to 1 bar and then (b) a N2 
purge for 5 min 
4.3.3 Reaction of HMDZ with Ti02 in sc-C02 
As mentioned earlier, there is a weak van der Waals interaction of SC-CO2 
with the hydroxyl groups on SiC>2 and from this perspective, SC-CO2 was an ideal 
solvent for performing surface reactions on this oxide. This is clearly not the case with 
TiC>2, and in our next experiment, we examined the affect of surface carbonate species 
on the reaction of HMDZ with TiC>2. 
HMDZ is a common silanation agent used in gas-phase reactions to probe the 
oxide surface reactive sites.108"110 The chemical reaction that occurs with surface M-
OH groups is depicted below: 
2M-OH + ((CH3)3Si)2NH—• 2M-0-Si(CH3)3 + NH3 (M=Si, Ti or Al) (4.1) 
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In addition, the NH3 that is produced as a byproduct in equation 4.1 is known 
to coordinate to the Lewis acid sites as well as to react with CO2 to form ammonium 
carbamate.108'110 Thus, a comparison of the IR spectra of the HMDZ treatment of TiCh 
in SC-CO2 and the gas phase should indicate the role, if any, of SC-CO2 in conducting 
silanating reactions on TiCh. 
Figure 4.5 shows the spectra recorded after the addition of HMDZ from sc-
CO2 and, for comparative purpose, from gaseous HMDZ to Ti02. In the gas phase 
reaction (Figure 4.4c), there are three bands in the 1800-900 cm"1 region, that is, 1262, 
1182 and 947 cm"1. The band at 1262 cm"1 is due to a Si-CH3 mode and this band 
along with the Ti-O-Si band at 947 cm"1 provides evidence of the reaction depicted in 
equation 4.1. NH3 produced as a byproduct adsorbs on Lewis acid sites and this gives 
rise to a band at 1182 cm"1. In contrast, the reaction of HMDZ with Ti02 in SC-CO2 
results in weaker bands at 1262 and 947 cm"1. From the relative intensity of the 1262 
and 947 cm"1 bands in Figure 4a and 4c, it is estimated that the extent of silane 
reaction conducted in SC-CO2 is about 10% compared to the gas phase reaction. In 
addition, Figure 4a does not have a band at 1182 cm"1 due to NH3 coordinating to 
Lewis sites. There are also several bands at 1700-1300 cm" region that are not 
observed in the gas phase reaction. Some of these bands are due to carbonate species 
on Ti02 (e.g. 1530 cm"1), while other bands at 1680, 1593, and 1398 cm"1 are due to 
the formation of ammonium carbamate on the surface via the reaction of NH3 with 
C02 (equation 4.2).78 
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Figure 4.5 IR difference spectra after addition of HMDZ in SC-CO2 to T1O2 followed 
by (a) flowing pure SC-CO2 continuously at 100 bar for 30 min, then (b) venting to 
lbar, and purging with N2 for 5 min. Curve (c) was recorded after addition and 
evacuation of gaseous HMDZ to TiCh. The same amount of T1O2 was used for both 
gas and SC-CO2 based reactions and the reference spectra were recorded through the 
T1O2. In curve a, the spectral contribution from SC-CO2 was also subtracted from the 
spectrum 
2NH3 + C02 NH4CO2NH2 4.2 
Ammonium carbamate is moderately stable, decomposing into ammonia and 
CO2 upon venting the CO2 and purging with N2 gas. Figure 4b shows that a N2 purge 
not only resulted in the removal of bands due to ammonium carbamate but also led to 
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an increase in the intensity of the Si-O-Ti band at 973 cm"1, S1-CH3 band at 1262 cm"1, 
and the appearance of a band at 1182 cm"1 due to NH3 coordinative to Lewis sites. 
This reaction with TiC>2 occurring under a N2 purge is due to residual HMDZ in the 
system. Our experience has shown that the residual quantities of HMDZ remain in the 
high-pressure lines and is present during the initial N2 purge. Nevertheless, the 
appearance of bands due to reaction with residual HMDZ during the N2 purge cycle as 
shown in Figure 4.5b provides additional evidence that the HMDZ reaction is 
impeded when performed in SC-CO2. 
It is possible that both the ammonium carbamate and surface carbonate 
species act as poisons leading to a lower amount of HMDZ adsorbed on TiC>2 from 
SC-CO2. To determine if the formation of ammonium carbamate contributes to a lower 
level of reaction with HMDZ, TMCS in SC-CO2 was added to TiC>2. In this case, 
ammonium carbamate does not form because HC1 is produced as the byproduct 
(equation 4.3). The spectra obtained after addition of TMCS in sc-CCh to Ti02 is 
shown in Figure 4.6. The increase in intensity of bands due to Si-O-Ti and Si-(CH3)3 
after venting and a N2 purge (Figure 4.6b) shows that the silane modification reaction 
has been impeded by the presence of carbonate species on the Ti02. However, the 
level of reduction in HMDZ reaction conducted in SC-CO2 (determined by the ratio of 
the intensity of Si(CH3)3 band at 1262 cm"1 before and after N2 purging) is less with 
TMCS (65%) than with HMDZ (90%). This, in turn, suggests that both carbonate 
species and ammonium carbamate impede the HMDZ reaction on Ti02. 
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Ti-OH + Si(CH3)3Cl • Ti-0-Si(CH3)3 + HCl 4.3 
1800 1700 1600 1500 1400 1300 1200 1100 1000 
Wavenumber cm 
Figure 4.6 IR difference spectra of T1O2 after (a) the addition of TMCS in SC-CO2, 
followed by flowing with SC-CO2 (100 bar, 50 °C) for 30 min (the bands due to 
SC-CO2 have been subtracted from the spectrum), and (b) followed by venting to 1 bar 
then a N2 purge for 1 h 
The schematic representation of HMDZ reaction with TiC>2 from gas phase 
and from SC-CO2 is shown in Figure 4.7 
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Figure 4.7 Schematic representation of HMDZ reaction with Ti02 from gas phase and 
from SC-CO2 
4.3.4 Reaction of HMDZ with AI2O3 
The reaction of HMDZ with AI2O3 from SC-CO2 was conducted to see if the 
problems found with TiCh extend to other metal oxides. Figure 4.8 shows that the 
formation of carbonate species also occurs upon contact of sc-CCh with AI2O3. 
Exposure of AI2O3 to SC-CO2 produces three bands located at 1643, 1445, and 1230 
cm"1 along with a broad band centered at 1060 cm"1 (see Figure 4.8a). The bands at 
1643, 1445, and 1230 cm"1 are assigned to bicarbonates and the broad band near 1060 
cm"1 is due to carboxylate species.105'107 The carbonate species adsorbed on AI2O3 are 
weakly bound to the surface and as found with Ti02, can be removed by a N2 purge 
(see Figure 4.8b).The appearance of the strong band at 1643 cm"1 overlapped with the 
bending mode of water, and thus, it was difficult to determine the dehydration 
behavior of AI2O3 as a function of CO2 pressure. 
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Figure 4.8 IR difference spectra of AI2O3 exposed to a continuous flow of SC-CO2 
(100 bar, 50° C) for 2 h, then (a) venting to 1 bar and (b) followed by a N2 purge for 5 
min 
The IR spectrum of the HMDZ reaction with AI2O3 from SC-CO2 is shown in 
Figure 4.9a. Formation of ammonia carbamate is evidenced by the appearance of 
bands at 1616, 1564, and 1460 cm"1. A comparison of the relative intensity of the Si-
CH3 band at 1256 cm"1 obtained in the reaction of HMDZ from SC-CO2 (Figure 4.9a) 
and from the gas phase (Figure 4.9c), shows that a 60% lower reaction of HMDZ 
from SC-CO2. Furthermore, the intensity of the 1256 cm"1 band increases when the 
same sample is purged with N2 (Figure 4.9b). This is the same trend as observed in 
TiC>2 and shows that performing reactions with chlorosilanes on metal oxide particles 
using SC-CO2 as a solvent is impeded due to formation of carbonates on the surfaces. 
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Figure 4.9 IR difference spectra of the addition of HMDZ to AI2O3 in SC-CO2, 
followed by (a) flowing pure SC-CO2 for 30 min (bands due to SC-CO2 has been 
subtracted from the spectrum), then (b) venting to lbar, and purging with N2 purge for 
12 h. Curve (c) is obtained from the gas phase reaction of HMDZ on AI2O3 
4.4 Conclusion 
The interaction of SC-CO2 with T1O2 results in partial removal of the water 
layer and formation of carbonate, bicarbonate, and carboxylate species on the surface. 
Although the carbonate species are weakly bounded to the TiCh surface, it is found 
that they impede the reaction with common silanating agents such as HMDZ and 
TMCS. The formation of carbonate species in sc-CCh occurs on AI2O3 as well, and 
this also impedes the reaction of hexamethyldisilazane with the surface. This contrasts 
to silica where carbonates do not form when placed in contact with SC-CO2 and the 
reaction of silanes (other than aminosilanes) occurs readily with high surface 
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coverage. This provided an explanation for the poor coverage obtained with the 
silane/sc-CCh treatment of the AI2O3 pigmented HP brochure paper observed in 
Chapter 6. 
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CHAPTER 5. FORMATION OF CALCIUM CARBONATE 
PARTICLES BY DIRECT CONTACT OF Ca(OH)2 POWDER 
WITH SUPERCRITCAL C 0 2 
5.1 Introduction 
A solvent used in performing a surface reaction should be inert, not reacting 
with the reagent or the surface. In Chapter 4, we found that this was not the case as sc-
CO2 reacted with TiCh and AI2O3 and form surface carbonates. This led us to 
reconsider the role of SC-CO2 in our research. Specially, we explored the possibility of 
using SC-CO2 as a reagent in generating new pigment materials. The work of this 
chapter demonstrates this concept and describes the formation of CaCCh by direct 
contact of sc-CCh with Ca(OH)2 powder. 
The typical procedure to manufacture PCC starts with dissolving CaO or 
Ca(OH)2 in water, followed by bubbling CO2 gas into the slurry under agitation. 
The formation of PCC from Ca(OH)2 is usually represented by the following 
overall equation: 
Ca(OH)2 + C02 *• CaC03 + H20 (5.1) 
However, the mechanism of CaCCh formation from Ca(OH)2 slurry is a 
complex process involving a solid-liquid-gas three-system reaction. It is generally 
accepted that four steps are involved as described in equations 5.2-5.5: dissolution 
of Ca(OH)2, transformation of CO2 to carbonate ions, chemical reaction and 
crystal growth." 
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Ca(OH)2 « — • Ca2 ++20H" (5.2) 
CO2 + H2O <*—• H2CO3 (5.3) 
H2CO3 + 2OH" <—• C032" + 2H20 (5.4) 
Ca2+ + C032" • CaC03 (5.5) 
It is the partial dissolution of the Ca(OH)2 followed by precipitation of CaC03 
from the solution phase that ensures a high degree of conversion. 
Development of a solid-gas phase approach to fabricate CaC03 particles 
would have the advantage that it requires less volume of matter, potential new 
morphologies, and that further manipulation, such as solvent removal, are not 
necessary. However, low conversion is obtained because product formation occurs at 
the interfacial region producing a protective layer around the starting particles. In the 
case of gaseous CO2 reacting with dry Ca(OH)2, an additional complication arises 
because water is a necessary ingredient in the reaction. Water is needed for 
dissolution of Ca ions, conversion of CO2 to C0 3 ", and for precipitation of CaC03 
from solution. As a result, it was found that only about 10% of a dry Ca(OH)2 
powders is converted to CaC03 when reacted with gaseous CO2 at 100 °C. 
A higher level of conversion can be achieved by pre-incubation of the 
Ca(OH)2 powder with water vapor. Beruto and Botter111 obtained a conversion of up 
to 85% by equilibrating porous Ca(OH)2 powders with water vapor at a relative 
pressure range of 0.4-0.85 at 20 °C, followed by exposing the hydrated powder to 
gaseous CO2 at a pressure of 0.65 Kpa. It was concluded at that a minimum of four 
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layers of water adsorbed on the Ca(OH)2 was needed to achieve these higher 
conversion rates. 
An 85% conversion is still below the value (c.a. 98%) obtained with the 
traditional precipitation method of bubbling gaseous CO2 through a Ca(OH)2 slurry. A 
solid-gas process will require a percentage conversion that is comparable to 
conventional solid-liquid processes simply based on the economics associated with 
the vast quantities of PCC produced annually. Overall demand for PCC was 7.75 x 
106 tons in 2004 and this is forecasted to rise to 9.7 x 106 tons by 2010.112 
A SC-CO2 based process may satisfy this criteria as SC-CO2 is well known to 
possess both gas-like and liquid-like properties. The gas-like properties give rise 
to the same advantages of a solid-gas phase process. For example, in performing 
surface reactions on silica, the high diffusivity of SC-CO2 enabled reactants to 
access regions of the silica that could not be reached using traditional solvent or 
gaseous treatment regimes.80'81 Furthermore, there is ease of solvent separation 
by venting and there is no "caking" of the particulates that occurs when using 
water or non-aqueous solvents. For example, a fluffy powder was obtained after 
silane treatment of fumed silica in SC-CO2. ' 
While a SC-CO2 based process would have the same advantages found with 
a solid-gaseous CO2 method, the important factor to optimize is the degree of 
conversion. In this case, the role of water is critical. In the reaction of Ca(OH)2 
with gaseous CO2, it is found that maintaining a fully hydrated surface is a key 
factor to obtaining a high conversion to PCC. However, sc-CCh is known to be a 
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strong desiccant, removing the adsorbed water layer from powders. While this is 
important when with carrying out water sensitive reactions such as silanation,78 it 
clearly is detrimental for converting Ca(OH)2 to CaCCh. This may be compensated 
by capitalizing on the liquid-like properties of SC-CO2. That is, the SC-CO2 could 
first be seeded with water and then placed in contact with the Ca(OH)2. 
We investigate this possibility in this chapter. Specifically, we compare the 
reaction of SC-CO2 with a Ca(OH)2 slurry, and with Ca(OH)2 powder in contact 
with dry and "wet" SC-CO2, respectively. The aim is to demonstrate a process for 
obtaining high conversion of Ca(OH)2 powder to PCC. Another motivation for this 
work is that a SC-CO2 based process could potentially generate some unique 
morphologies or pigments. 
5.2 Experimental 
The SC-CO2 reaction system is described in chapter 2. In the experiment 
performed in this chapter, SC-CO2 was delivered to a 10 ml heated reactor vessel 
containing the sample of a Ca(OH)2 slurry (prepared by mixing 200 mg Ca(OH)2 
in 2 ml distilled water) or Ca(OH)2 powder (200mg). In the case of "wet" SC-CO2, 
the SC-CO2 was first passed through a second 10 ml reactor vessel containing a vial 
of water to create a "wet" SC-CO2 and then this was delivered at 50 °C and 100 bar 
to the vessel containing the Ca(OH)2. The solubility of water in SC-CO2 at 50 °C 
and 100 bar is approximately 0.0045 as a mole fraction. The reactor temperature 
was maintained at 50 °C, which is higher than critical temperature required for 
CO2 (31°C), but still in the temperature range (30-70°C) applied in industrial 
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processes. The pressure in the system can be varied from 60 bar up to 200 bar and 
was maintained by the HPLC pump and a back pressure regulator capable of 
purging the vessels with a SC-CO2 flow rate at 1 ml min"1. Contact of the reactant 
powder with the SC-CO2 varied from 10 min to 3 h. In the case of the Ca(OH)2 
slurry, after contact with the SC-CO2, the suspension was dried in an oven at 
100°C. 
The powder samples before and after SC-CO2 treatment were characterized 
by IR, TEM, XRD, XPS and zeta potential measurements. For IR analysis, powder 
samples were dispersed in KBr (2% wt/wt) and pressed as a 13 mm disc with 
minimum pressure. The details for IR and zeta potential measurement have been 
described in Chapter 2. TEM micrographs were recorded using a Philip CM 10 
transmission electron microscope. XRD data were collected on a Scintag 
diffractometer at rotation speed of 0.1° per second. The X-rays were provided by a 
1.8 kW line focus, achromatic Cu Ka source and a solid state detector. XPS 
measurements were performed at normal emission with a hemispherical analyzer 
(SPECS). The Mg Ka source was operated at 15 keV and 100 W, incident at 45° 
with respect to the surface normal. 
5.3 Results and discussion 
5.3.1 Reaction of Ca(OH)2 slurry with sc-C02 
The extent of conversion of Ca(OH)2 into CaCCh was monitored by IR 
spectroscopy. Figure 5.1a is the IR spectrum of Ca(OH)2 powder. A strong sharp 
band at 3654 cm"1 is due to the O-H stretching mode of the Ca(OH)2. This 
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spectrum also has a broad band at 1500-1400 cm"1 assigned to the stretching mode 
of carbonate group (V3). The starting material contains some CaCCh arising from a 
reaction of atmospheric CO2 with the hydrated Ca(OH)2 surface. Figure 5.1b is IR 
spectrum of the CaCCh powder. Bands centered at 1450 cm"1 along with the two 
sharp bands at 875 cm"1 and 710 cm"1 are due to the carbonate group. No other 
bands below 1000 cm"1 were observed, indicating that the crystalline form of 
CaCCh is calcite. Aragonite would give rise to bands at 710 and 700 cm"1, while 
the characteristic band of vaterite is located at 745 cm"1.26 A broad band at 
3500 cm"1 is due to water and several additional weak bands between 
3000 - 2000 cm"1 are overtone modes. From these two curves it is clear that band 
at 3654 cm"1 is unique to Ca(OH)2 and the intensity change of this band can be 
used to determine the extent of the conversion of Ca(OH)2 to CaCCh. 
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Figure 5.1 IR spectra of (a) Ca(OH)2, (b) CaCCh, and powders obtained from (c) 
Ca(OH)2 slurry treated with SC-CO2, (d) Ca(OH)2 powder treated with SC-CO2, and (e) 
Ca(OH)2 powder treated with "wet" sc-C02 
The reaction of SC-CO2 with a Ca(OH)2 slurry was performed for 
comparative purposes. Figure 5.1c is the IR spectrum of powder obtained from the 
Ca(OH)2 slurry after continuously flushing with sc-C02 (50 °C, 100 bar) for 1 h. 
Longer contact time with SC-CO2 did not lead to further changes in the spectrum. 
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The curve in Figure 5.1c shows a weak band at 3654 cm" and from a comparison 
of the integrated intensity of this band before and after SC-CO2 treatment, we 
estimate that 95% of the Ca(OH)2 has been converted to CaC03. 
Figure 5.1c also shows that CaCC>3 is predominately calcite. No bands due 
to aragonite (710 and 700 cm"1) or vaterite (745 cm"1) were detected. This was 
consistent with the XRD data. The XRD pattern of Ca(OH)2 powder (Figure 5.2a) 
exhibited several characteristic diffraction peaks at 20= 18.0° (001), 28.7° (100), 
34.1° (101), 47.0° (102), 50.9° (110), and 54.2° (111). It is noted that the IR 
spectrum of Ca(OH)2 contained bands due to CaCCb. This is in agreement with the 
XRD pattern (Figure 5.2a), which also contains peaks characteristic of calcite. The 
XRD pattern of CaCC>3 powder is shown in Figure 5.2b, and the most 
characteristic calcite peak occur at 26 = 29.5° (104). Other major peaks assigned 
to calcite were 26= 23.2° {012), 36.0° (110), 39.3° (113), 43.0° (202), and 48.4° 
(116). No characteristic peaks of vaterite and aragonite at 26 = 25.0° and 26 = 
45.9°, respectively, were observed. The XRD pattern obtained for CaCC>3 prepared 
by treating a Ca(OH)2 slurry with SC-CO2 ( Figure 5.2c) clearly shows that calcite 
is produced. Again this is in agreement with the IR spectra. 
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d) Ca(OH)2 powder with Sc-C0 2 
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Figure 5.2 XRD diffraction pattern of (a) Ca(OH)2, (b) CaCCh reference powder, and 
(c-e) powders obtained from different procedures with SC-CO2 treatment. * indicates a 
characteristic diffraction peak of Ca(OH)2 
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The TEM image of CaCCh prepared by treating a Ca(OH)2 slurry with 
SC-CO2 is shown in Figure 5.3c. The image reveals the formation of the 
rhombohedral crystalline CaC03. The average size of the CaC03 particles is in the 
range of 300 - 400nm. 
Formation of a rhombohedral CaC03 was anticipated under the given 
reaction conditions. In conventional industrial processes, the morphology is 
usually controlled with additives113 and, in the absence of additives, is controlled 
by parameters such as pH, supersaturation, temperature, and electrical 
conductivity. At the given conditions, the morphology can be also determined by 
the Ca2+/C032" ionic ratio.114"116 When the Ca2+ is in excess, the morphology of the 
precipitated calcite is normally scalenohedral (Figure 5.3b). This is the typical 
case when passing gaseous CO2 through a Ca(OH)2 slurry. However, when the 
Ca2+/C032" ratio is 1, a rhombohedral calcite is produced. This clearly is the case 
for the calcite prepared by passing SC-CO2 through a Ca(OH)2 slurry (see Figure 
5.3c) and this result is in agreement with those reported by Domingo et a l . " Under 
supercritical conditions, the density of CO2 in water is about 80-fold higher than 
atmosphere condition,117 and this leads to a local Ca2+/C032" ratio 1. In addition, 
the solubility of Ca(OH)2 in water at 50 °C is lower than that of room temperature, 
which contributes to a further decrease in the Ca / CO3 " ratio. Thus, formation of 
rhombohedral calcite (Figure 5.2a) is favored in a SC-CO2 based process. 
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Figure 5.3 TEM images of (a) Ca(0H)2, (b) CaC03 (c) Ca(OH)2 slurry treated with 
SC-CO2, (d) Ca(OH)2 powder treated with SC-CO2, and (e) Ca(OH)2 powder treated 
with "wet" SC-CO2 
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5.3.2 Formation of CaCC>3 from Ca(OH)2 powder using sc-CCh 
The IR spectrum of Ca(OH)2 powder after contacting with sc-CCh for 10 
min is shown in Figure 5.Id. There is a 60% reduction in intensity of OH band at 
3654 cm"1 relative to the spectrum of the starting Ca(OH)2 powder. Incomplete 
conversion has occurred giving rise to a Ca(OH)2/CaC03 mixture. Prolonged 
contact time of Ca(OH)2 powder with SC-CO2 (up to 3 h) or an increase in to 200 
bar did not lead to further decrease in the intensity of the OH band at 3654 cm"1. 
The TEM image in Figure 5.3d shows that the size and shape of these particles are 
similar to the starting Ca(OH)2 powder (Figure 5.3a). The crystalline form of 
CaC03 is difficult to discern from the TEM image. Nevertheless, the appearance of 
bands at 875 and 710 cm"1 in the IR spectrum shows that calcite has been formed. 
The XRD pattern of the hybrid powder shows peaks due to Ca(OH)2 and 
calcite (see Figure 5.2d). The peak ratio obtained from the XRD data is consistent 
with the conversion rate measured by IR. To measure the conversion percentage 
from the XRD data, a calibration curve was first generated using mixtures of 
known amounts of CaC03 and Ca(OH)2.118 A linear relationship was obtained for 
the intensity ratio of diffraction peaks at 29.5° (CaC03) and 34.1° (Ca(OH)2) with 
the CaC03/Ca(OH)2 composition (Figure 5.4). Using this calibration curve, the 
intensity ratio of diffraction peaks at 29.5° and 34.1° in Figure 5.2d computes to 
about 70% conversion of Ca(OH)2. This value is near the 60% value obtained from 
IR data and shows that the CaC03 is predominately calcite. 
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Figure 5.4 Calibration curve obtained by plotting intensity ratio of CaCCb and 
Ca(OH)2 diffraction peaks at 29.5° and 34.1° from XRD pattern of the mixture of 
known amount of CaC03 and Ca(OH)2 powders 
One possible explanation for the low conversion (60%) is that as reaction 
occurs, it forms an impenetrable CaCC>3 layer. In this case, a core-shell structure 
would be predicted in which an inner Ca(OH)2 core would be surrounded by a 
CaCC>3 shell. It is noted that the conversion value of 60% is much higher than the 
value of 10% reported for incubation of Ca(OH)2 powder with gaseous CO2.3 This 
occurs despite the desiccating power of SC-CO2 and is a testament to the high 
diffusivity of the SC-CO2 into the starting material. 
Formation of a core-shell structure would mean that the surface chemistry 
of CaCCVCaOF^ powder would behave as CaCC>3. XPS and zeta potential 
measurements were performed to determine the surface composition of 
CaC03/CaOH2 powder. The XPS spectra of the Ca 2p, Ols and Cls region for the 
CaC03/Ca(OH)2 sample is shown in the column on the right in Figure 5.5. For 
comparison, the corresponding XPS spectra of CaC03 are presented in column on 
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the left in Figure 5.5. The adventitious peaks are due to a contaminant present in 
the Ca(OH)2. Nevertheless, the XPS data for the CaC03/Ca(OH)2 clearly shows 
peaks for both CaCC>3 and Ca(OH)2, suggesting there is no compact CaCCh shell 
covering the Ca(OH)2. 
Ca2p 
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Binding energy (eV) 
540.0 536.0 532.0 
Binding energy (eV) 
Ca 2p 
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Figure 5.5 XPS spectra of CaCCh reference powder (left column) and 
CaC03/Ca(OH)2 powder (right column) 
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Zeta potential measurement of CaC03/Ca(OH)2 powder provided additional 
evidence that there is no core-shell structure. The zeta potential of 
CaC03/Ca(OH)2, Ca(OH)2 and CaC03 powders were measured at pH 10 and 11 
(Figure 5.6). At both pH values, Ca(OH)2 has a positive zeta potential, whereas the 
CaCC>3 has a negative zeta potential. However, the zeta potential of the hybrid 
powder is close to the average of the values of CaC03 and Ca(OH)2, which is 
consistent with a 60/40 percent ratio mixture as determined by the IR spectrum. 
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Figure 5.6 Zeta potential measurement of Ca(OH)2, CaC03/Ca(OH)2 and CaCCh 
powder at pH 10 and 11, respectively 
The absence of a core-shell structure, coupled with a lower conversion of 
the dry powder compared to a wet slurry shows that direct conversion of Ca(OH)2 
powder via a SC-CO2 requires the presence of water. Ca(OH)2 reacts with gaseous 
CO2 only when the relative humidity (RH) is greater than 8%, and the reaction rate 
and percentage conversion of Ca(OH)2 to CaCCb are RH dependent. 119 
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Furthermore, it has been shown that the adsorbed water plays an important role in 
the reactivity of CaCCh. For example, the reactivity of CaC03 with nitric acid 
increases in the presence of adsorbed water, this may be due to the increase in the 
ionic mobility on the wetted surface allowing for further reaction to occur with 
underlying layers. 
In the case of SC-CO2 treatment, the SC-CO2 not only serves as a reagent, 
but also acts as a drying agent, removing water from the powder surface. Thus, the 
adsorbed water of CaCCh can be extracted from the surface into the supercritical 
fluid. Once the amount of adsorbed water falls below a critical level, the 
conversion of Ca(OH)2 into CaCC>3 ceases. 
From this perspective, the reaction depicted in equation 5.1 should be 
modified as follows: 
Ca(OH)2 + C0 2 + nH20 • CaC03 + (n+l)H20 (5.6) 
5.3.3 Formation of CaC03 from Ca(OH)2 powder using "wet" SC-CO2 
The solubility of water in SC-CO2 is 0.0045 (mole fraction) at 50 °C and 
100 bar. Thus, it may be possible to take advantage of the liquid-like properties of 
SC-CO2 to dissolve water, and consequently, to achieve high conversion 
comparable to those obtained using gaseous CO2 or SC-CO2 in contact with a 
Ca(OH)2 slurry. Figure 5.1e shows the IR spectrum of products obtained from 
Ca(OFf)2 powder treated with "wet" SC-CO2 for 3 h. In this procedure, the SC-CO2 
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was first passed through a chamber containing a small vial of distilled water and 
this was then introduced to the vessel containing Ca(OH)2 powder. As a result, the 
Ca(OH)2 powder was contacted with water seeded SC-CO2, that is, "wet" SC-CO2. 
The conversion percentage as a function of contact time is plotted as Figure 5.7. 
Contact of Ca(OH)2 powder with "wet" SC-CO2 for 10 min results in a 60% 
conversion and this is the same conversion as found with SC-CO2 treatment. After 
1 h contact, 90% conversion is obtained, and over 3 h, there is no discernable OH 
band at 3654 cm"1 in the spectrum and this translates to a conversion greater than 
98%). Removal of the SC-CO2 was accomplished by simply venting the cell and a 
powder produced was visibly similar in texture and packing density to the starting 
Ca(OH)2 powder. The TEM image of powder obtained from the "wet" SC-CO2 
method (Figure 5.3e) shows that a rhombohedral calcite is formed and it has an 
average crystal size of about 300 nm. This is similar to the TEM image of the 
powder obtained by treating a Ca(OH)2 slurry with SC-CO2 (Figure 5.3c). 
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Figure 5.7 Conversion of dry Ca(OH)2 powder into CaCC>3 as a function of contact 
time with "wet" sc-C02 
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In summary, the conversions of Ca(OH)2 into CaCCh from different SC-CO2 
procedures are presented in Table 5.1. The result of combining the liquid-like 
properties to produce a "wet" SC-CO2, with the gas-like properties of high 
diffusivity and low viscosity, achieves a dry process for the formation of CaCCh. 
Table 5.1 Summary of conversions of Ca(OH)2 into CaCCh from different SC-CO2 
procedures 
Ca(OH)2 Conversion CaC03 
slurry 95% Rhombohedral calcite 
powder I 60% Calcite * 
powder II > 98% Rhombohedral calcite 
I: contact with SC-CO2, II: contact with "wet" sc-CCh 
* Calcite is mixed with Ca(OH)2 powder 
5.4 Conclusion 
Formation of CaCCh particles with SC-CO2 was demonstrated via several 
different SC-CO2 procedures. Reaction of Ca(OH)2 powders with SC-CO2 leads to 60% 
conversion because of the need for water in the reaction. This is circumvented by 
using SC-CO2 containing dissolved water. Conversions comparable to conventional 
solution based methods are obtained using this method that have the added advantages 
of a solid-gas process in that less volume of matter is required and that further 
manipulation, such as solvent removal are not needed. 
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CHAPTER 6. ROLE OF PIGMENT SURFACE CHEMISTRY IN 
DETERMINING OFFSET INK SETTING 
Ink setting depends in a complex way on many factors, such as the nature of 
the substrate and coating as well as the method used to fabricate the coating. In 
particular, it has been shown that the pore structure, pigment particle size and size 
distribution play the primary role in determining the offset ink setting.4'8"10'13'15 
While most studies of the offset ink setting focus on the physical properties mentioned 
above, the role of pigment surface chemistry in offset ink setting is unknown or 
assumed to be secondary in importance. Ridgway and Gane introduced hydrophobic 
talc into hydrophilic grounded CaCCb pigment and applied the modified CaCCh to 
coating formulation.17 By studying the change of adhesion for the different coatings, 
they found that using the coating made with the modified CaCC>3 pigment enhanced 
the ink-coating adhesion. Therefore, they concluded that the ink-coating adhesion is 
strongly related to the surface chemistry. However, it should be noted in their study, 
the coating porosity is different for the coatings made with the bare CaCC>3 and the 
modified CaCC>3. From an experimental perspective, it is difficult to determine the 
role of the surface chemistry in ink setting as it requires the fabrication of paper 
coatings that are similar in physical properties and differ only in the pigment surface 
chemistry. The aim of the work undertaken in this chapter was to modify surface 
chemistry of CaCCh pigment that, in turn, would provide an answer to the role of 
pigment surface chemistry in offset ink setting. 
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In our first approach to modify CaCCb pigment and generate coatings, we 
coated CaCCh with a thin layer of T1O2. In essence, we expected to generate a 
modified pigment that was similar in size and shape as the untreated pigment but 
differed only in the surface chemistry. 
Although ALD was demonstrated in coating SiC>2 pigment with TiC>2, we 
found that the HCl gas (as byproduct when using TiCU as precursor) would react with 
CaCCh pigment. Other precursors such as TEOT are not volatile. Thus, it can not be 
delivery to the reaction cell by standard vacuum line system. As a result, we resorted 
to sol-gel deposition method to coat CaC03 with T1O2. The bare CaCC>3 and TiCh 
coated CaCCh were then used in a formulation with latex and applied to a paper 
substrate. Both physical and chemical properties of the coatings were measured and 
ink setting rates were determined. This part of work is described in Part I. 
The data obtained from the characterization of the paper coatings showed that 
it was not possible to fabricate two coatings that made by bare CaCCh and TiCh 
modified CaCCh pigment with similar physical properties. To overcome this problem, 
we used commercially available CaCCh pigmented paper and examined methods for 
the post-treatment of the pigment surface. Specifically, the pigments in the pigmented 
paper/coatings were rendered hydrophobic by the addition of an alkylsilane. Silane 
post-treatment from three media are investigated, that is, silane reactions from the gas 
phase, from the non-aqueous phase (e.g. toluene), and from SC-CO2. This was 
described in Part II. It is shown that the use of SC-CO2 as the fluid phase was the key 
experimental parameter that led to the generation of two coatings that have similar 
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physical properties but have wide differences in pigment surface chemistry (i.e. 
surface hydrophobicity). This, in turn, enabled us to unambiguously determine the 
role pigment surface chemistry in offset ink setting. 
6.1 Part I. Fabrication and characterization coatings made with bare 
CaC03 and Ti02 coated CaC03 pigments 
6.1.1 Introduction 
CaC03 pigments were modified with a thin coating of Ti02 by a sol-gel 
method using TEOT as the precursor. The sol-gel process is a versatile solution 
process for generating a thin coating on the particles.59 The starting materials used in 
the preparation of the "sol" are usually inorganic metal salts or metal organic 
compounds such as metal alkoxides. In a typical sol-gel deposition process, the 
precursor undergoes a series of hydrolysis and polymeration reactions to form a 
colloidal suspension of oxide particles (sol). When the "sol" is deposited on the 
surface of substrate, the polymerization process continues to form a network 
(gel). Upon drying or heat-treatment, the "gel" is converted to a thin film. 
When the sol-gel process is conducted in the presence of pigment particles, the 
hydrolysis and polymerization reactions occur on the pigment surface leading to the 
formation of a core-shell structure. The reaction sequence for generating TiC>2 coating 
via a sol-gel process is depicted below: 
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Ti(OCH2CH3)4 + H20(S) • Ti(OH)4(s) + 4 CH3CH2OH ( 6.1 ) 
Ti(OH)4(s) • Ti02(s) + 2 H 2 0 (6 .2) 
In the first step, the TEOT hydrolyses with the surface water leading to a 
bound Ti(OH)4 species on the pigment surface. The Ti(OH)4 then rapidly polymerizes 
to a Ti02 layer. It is noted that the formation of a Ti02 layer is favored over 
hydrolysis and polymerization in the solution phase. This is because the reaction of 
TEOT with the highly dispersed surface water layer on the pigment is more rapid than 
with the bulk water in the solution phase. 
To study the role of pigment surface chemistry in ink setting, coatings was 
prepared with both Ti02 modified CaC03 and untreated CaC03. The coatings were 
characterized using Raman spectroscopy, environmental scanning electron 
microscope (ESEM), and air permeability to determine the pigment/binder ratio, 
surface roughness and porosity, respectively. In addition, contact angle measurements 
provided information on the effectiveness of the surface treatment. Ink setting was 
then determined by measuring the tack force development. 
6.1.2 Experimental 
6.1.2.1 Materials 
GenFlo latex (8045, 51.9% TSC, pH 6.9) was provided by GenCorp. The oil 
base cyan offset ink was acquired from SUN chemical. Other materials are described 
in Chapter 2. 
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6.1.2.2 Sol-gel deposition of Ti02 on CaC03 
FTIR and ESEM were used to characterize the TiCh coated CaCCh pigment. 
The ESEM (Philips ElctroScan) was operated at 16-20 keV. 
6.1.2.3 Coating Fabrication and characterization 
The detail for coating fabrication is described in Chapter 2. The coating 
weight for TiCVCaCCh coating with lOpph latex is 40 g/m and for CaCCh coating 
with 10 pph latex is 55 g/m2. 
Raman spectroscopy was used to measure the pigment/binder distribution of 
each sample. The surface roughness of the coatings was characterized by ESEM and 
the use of a stylus profilometer. The porosity of the coating was measured by air 
permeability using Sheffield Precisionaire column instrument. 
6.1.2.4 Ink setting measurement 
The ink setting rate was evaluated by measuring the dynamic ink tack using a 
micro-tack device and the procedure is little different from that described in Chapter 
2. For a typical measurement, a strip of offset ink was first pressed on the clean glass 
surface with a thickness of 12 am using an in-house designed micro presser. Next, the 
probe of micro tack device was set to touch the fresh ink film five times. The inked 
probe was then transferred to contact the coating sample immediately. The tack was 
recorded as function of time. The time to maximum tack force was used to indicate 
the ink setting rate. 
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6.1.3 Results and discussion 
6.1.3.1 Characterization of pigments 
FTIR is employed to characterize the CaCC>3 pigment before and after sol-gel 
modification. Figure 6.1a is the IR spectrum of CaCCh. Bands centered at 1450 cm"1 
along with the two sharp bands at 875 cm"1 and 710 cm"1 are assigned to various 
modes of a carbonate ion. A broad band centered at 3450 cm'1 is attributed to the 
bound water layer. Several bands between 3000 and 2000 cm" are due to various 
overtone modes of CaC03. The IR spectrum of TiCVCaCOs pigment powder (Figure 
6.1b) is similar to the spectrum of the untreated CaCCb. However, the difference 
spectrum (Figure 6.1c) reveals a broad weak positive band around 700 cm"1 due to a 
Ti02 bulk mode, indicating the presence of Ti02 in the modified pigment. 
T 1 1 1 1 1 1 r 
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Figure 6.1 IR spectra of (a) CaCCh, (b) TiCVCaCCh, and (c) difference spectrum b-a 
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Formation of a Ti02 coating is confirmed by the ESEM micrographs as shown 
in Figure 6.2. A different appearance between CaCCb and TiCVCaCCb is seen in the 
ESEM images. After sol-gel treatment, the white fluffy texture on the surface of the 
aggregates is consistent with coverage of a TiCh layer over the CaCCb surface (Figure 
6.2b). 
Figure 6.2 ESEM micrographs of (a) CaC03, and (b) Ti02/ CaC03 
6.1.3.2 Characterization of Coatings 
6.1.3.2.1 Pigment/binder distribution of coatings 
The pigment/binder distribution was calculated from the ratio the integrated 
intensity of the latex and CaCCh Raman bands.28'29 The band at 1001 cm"1 originates 
from the ring breathing of the styrene unit and the band at 1086 cm"1 is assigned to a 
carbonate mode (Figure 3a). From Figure 6.3b, it is found that the pigment/binder 
ratio at the surface in a TiCh/CaCCb coating is higher than the coating made using 
CaCCh, especially at the 5pph latex level. 
92 
a) 
CaC03 
Latex 
A 
950 1000 1050 1100 1150 1200 
Raman shift cm-1 
1250 
b) 
x 
B 
U 
u 
50-
40 
30 
20 
10-
10 15 
Latex level (pph) 
20 
Figure 6.3 a) A Raman spectrum of CaCCb coating with latex, and b) pigment/ binder 
ratio for a CaCC>3 and TiCVCaCOa coating at 5pph, lOpph, and 20pph latex 
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6.1.3.2.2 Surface structure of the coatings 
The topology of the two coatings was characterized measured by ESEM and the 
Stylus profilometer. From the ESEM images (Figure 6.4), the surface of Ti02/CaC03 
coating shows a rougher surface topology than that of CaC03 coating surface. This 
result was consistent with the surface roughness measured by the Stylus profilometer. 
The surface roughness of Ti02/CaC03 coating was about (1.57 ± 0.33) x 10 nm, 
while the surface roughness for CaC03 coating was about (0.44 ± 0.22) x 10 nm. 
Figure 6.4 ESEM micrographs of (a) CaC03 coating, and (b) Ti02/CaC03 coating. 
The latex level is 10 pph for both coatings 
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6.1.3.2.3 Air permeability measurement 
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Figure 6.5 Air permeability of coatings made with CaCCh and TiCVCaCOs 
The air permeability results of CaCC>3 coating and Ti(VCaC03 coating with 
three different latex levels are plotted in Figure 6.5. The Ti02/CaCC>3 coating exhibits 
higher air permeability than that of CaCCh coating, especially for the one with the 
5pph latex level. This indicates that either more pores or bigger pore sizes exist in the 
Ti02/CaC03 coating. 
6.1.3.2.4 Contact angle measurement 
The contact angle was measured for TiCVCaCCb coatings at three different 
latex levels. For comparative purpose, the contact angle of CaCC^ coating with 10 
pph latex is presented. As expected, the value obtained for the contact angle of 
TiCVCaCCb coatings increased with the latex level (Figure 6.6). The contact angle of 
a CaCCh coating with lOpph latex is higher than that of TKVCaCCb coating with 
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lOpph latex. This may be due to the difference in surface chemistry between the 
CaCCh pigment and the TiOi/CaCCh pigment. Ti02 possesses a higher surface 
energy, resulting in a lower contact angle for the coating. There is another possibility 
leading to the lower contact angle of a TiCVCaCCb coating with 10 pph latex. There 
is less latex (i.e. higher pigment/binder ratio) at the surface of the TiCVCaCCh 
coating. A lower amount of the hydrophobic latex on the surface would also lead to a 
lower contact angle value. However, it is noted that the contact angle for TiCVCaCCh 
coating with 20pph latex is lower than that of the CaCCh coating with lOpph latex, 
even though the surface distribution of latex is higher in the TiCVCaCCb coating with 
20 pph latex than that of CaC03 coating with 10 pph latex (Figure 6.3b), This 
suggests that the lower contact angle is due to the presence of a TiCh coating and not 
due to a difference in pigment/binder ratio. Thus, contact angle measurements 
provided additional evidence that the CaC03 pigment was coated with a TiCh layer. 
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Figure 6.6 Contact angles of CaCCh coating with 10 pph latex and TiCVCaCC^ 
coating with 5 pph, 10 pph, and 20 pph latex, respectively. The contact angle was 
recorded at 5 s after the water drop was added on the coating 
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There was also a difference in the dynamic contact angle for CaCCh and 
TiCVCaCCb coatings. The photographs of water drops captured at 5 s and 60 s for 
both coatings are shown in Figure 6.7 and the dynamic contact angle changes as 
function of time during the first minute for both coatings are plotted in Figure 8. For 
the CaC03 coating, the contact angle decreased rapidly in the first 20 s, and then 
maintained a plateau value of 35°. The corresponding Ti02/CaC03 coating showed 
the same initial rapid decrease in the first 20 s to a plateau value. However, this was 
followed by a second decrease to a second lower value for the contact angle. Although 
there is no direct relationship between the dynamic angle and ink setting, this 
difference in behavior of the dynamic contact angle is indicative of different physical 
properties between the CaC03 coating and the Ti02/CaC03 coating. 
a) b) 
c) d) 
Figure 6.7 Photographs of water drops on for (a) CaCC>3 coating at 5 s, (b) CaC03 
coating at 60 s, (c) Ti02/CaC03 coating at 5 s, and (d) Ti02/CaC03 coating at 60 s 
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Figure 6.8 Values for the dynamic contact angles for a CaCC>3 and TiCVCaCOs 
coating, respectively. The latex level was 10 pph for both coatings 
The combined data from the Raman, ESEM, air permeability, and contact 
angle measurements show that a change in surface chemistry of the pigment is 
accompanied by a physical change in the coating. Thus, the approach of altering the 
surface chemistry of the pigment, followed by preparation of a coating does not result 
in the desired state of generating coatings with similar physical properties with 
different pigment surface characteristics. Despite this fact, for the sake of 
completeness, we proceeded to ink setting measurements. 
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6.1.3.3 Ink setting evaluation 
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Figure 6.9 Time to reach the peak in tack development curve for the CaC03 coating 
and the Ti02/CaC03 coating. The latex level is 10 pph for both coatings. The contact 
angles at 5s and 60s for both coatings are presented as well 
Figure 6.9 shows the ink setting rate for CaCC>3 and TiCVCaCCh coatings 
with lOpph latex. TiCVCaCCh coating shows a faster ink setting compared to that of 
CaCCh coating. As stated above, the TiCVCaCCh coating has higher air permeability 
than its CaC03 counterpart at all latex levels along with the changes of other coating 
properties. This may lead to a faster ink setting. Therefore, it is difficult to delineate 
the role of pigment surface chemistry in offset ink setting when accompanied by the 
changes in the physical properties. Post treatment of pigments in paper/coating in 
order to avoid such changes caused by using the modified pigment in coating 
formulation will be discussed in Part II. 
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6.2 Part II. Post treatment of pigment surface chemistry and its role 
in determining offset ink setting 
6.2.1 Introduction 
In Part I, we showed that applying the surface chemical modified pigments to 
fabricate coating not only results in the change of the pigment surface chemistry, but 
also a change in the physical properties of the coating. In this part, we used 
commercial available pigmented paper and then post-treat the pigments with a surface 
modifying agent. Three surface post treatment protocols were investigated: reaction 
from gas phase, liquid phase and supercritical phase. The untreated and treated papers 
were characterized using mercury porosimetry and contact angle measurements. Ink 
setting development was then measured. 
Although it is possible to post treat the CaCC>3 pigment surface in a 
paper/coating to be Ti02-like using the sol-gel method described in Part I, it is 
difficult to avoid polymerization of the precursor with the water trapped in the pore 
structure of the paper/coating. This, in turn, would alter the porosity of the coating. 
Therefore, instead of modifying the surface to be TiC^-like, we used an alkyl chain 
silane to create a hydrophobic pigment. For the gas phase reaction, a volatile silane is 
required. TMCS was selected for this purpose. Polymerization in the pores is avoided 
because evacuation of the paper removes the water from the pores and the TMCS 
contains only one hydrolysable group. For silane treatment from toluene or from sc-
CO2, OTS was chosen because this nonvolatile silane is commonly used to create 
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hydrophobic surfaces. As the OTS reacts with the water layer on the pigment, the long 
alkyl chain leads to the formation of a 2-D polymerized network on the pigment 
surface (Figure 6.10). The reaction of OTS with the surface is depicted as equation 
6.3. 
I 
CH3(CH2)i7SiCl3 + H20 (S) • CH3(CH2)i7Si-0-(S) + 3 HC1 (6.3) 
Figure 6.10 Schematic representation of OTS reaction with adsorbed water layer 
6.2.2 Experimental 
6.2.2.1 Materials 
Two types of paper, HP brochure (C6817A, AI2O3 as pigment, 160g/m2) and 
uncoated supercalendar paper (CaC03 as filler, 50g/m ), were used in this part. We 
chose these two types of paper because both of them are commercial available and 
have been extensively used and characterized in the chemical engineering lab at the 
University of Maine. 
101 
6.2.2.2 Silane post-treatment 
For TMCS post treatment from gas phase, the EDA and TMCS were first 
transferred to a gas bulb. Standard vacuum line system then was employed to delivery 
the EDA and TMCS vapor sequentially to the reaction cell containing paper sample. 
Prior to the TMCS modification, the paper sample was evacuated for lh to remove the 
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adsorbed water. In this procedure, EDA was used as catalyst. The contact time of 
EDA and TMCS to paper sample is 5 min. 
The OTS silane post treatment of paper/coating samples was conducted from 
two solvents, toluene and supercritical CO2. For toluene as solvent, the paper was 
dipped into a 5% (v/v) OTS/toluene solution for 5 seconds. The paper was removed 
from the solution and dried under the stream of nitrogen gas. This procedure was 
repeated 3 times to ensure a complete coverage of OTS on the pigments in the 
paper/coating. 
The SC-CO2 system for the post treatment was described in Chapter 2. Briefly, 
the SC-CO2 was first passed through a vessel containing OTS (100 \i\). The SC-CO2 
containing OTS was then delivered to the second vessel containing a strip of 
pigmented paper sample. The conditions for the treatment of OTS from SC-CO2 with 
the sample were maintained at 1 min/ml flow rate at 50 °C, 100 bar for 1 hour. 
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6.2.3 Results and discussion 
6.2.3.1 TMCS post-treatment from the gas phase 
Our attempts to produce hydrophobic coatings using a gas phase reaction with 
TMCS met with little success. Treatment with TMCS resulted in a small difference in 
the value for the contact angle before and after modification. Typical contact angles 
before treatment were 30° and after treatment this value increased to 45°. However, 
this is still below the value (between 88° for the advancing contact angle and 62° for 
receding contact angle ) anticipated for completely surface coverage with TMCS.122 
We attribute this to a low level of reaction of the TMCS with the pigment and to low a 
diffusivity of the silane vapor into the pigmented paper. As a result, the gas phase 
treatment approach was abandoned. 
6.2.3.2 OTS post-treatment from toluene 
Post treatment of the paper coatings with OTS from toluene led to the 
anticipated change in the contact angle (Figure 6.11). For HP brochure paper, the 
contact angle changed from initial value of 50 to 80 degrees after modification with 
OTS. OTS treated supercalendar paper showed a larger change, from 30 to 90 
degrees. This conversion of the surface from hydrophilic to hydrophobic clearly 
shows a high coverage of OTS. 
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Figure 6.11 Photographs of a water drop deposited on HP brochure paper (a) before 
and (b) after OTS post treatment in toluene, and on supercalendar paper (c) before and 
(d) after OTS post treatment in toluene. 
However, it was found the OTS treatment from toluene led to changes in the 
pore structure of the coating. Figure 6.12 shows the results of the mercury 
porosimetry measurements for HP brochure paper, the paper dipped in pure toluene, 
and the paper treated with OTS/toluene. The HP brochure paper has a bimodal pore 
size distribution. After OTS/toluene modification, the smaller pores disappear and this 
is accompanied by an average decrease in the diameter of the larger pores. We ascribe 
this change in porosity to polymerization of the OTS with the water filled pores in the 
coating. 
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Figure 6.12 Mercury porosimetry on untreated, toluene treated, and OTS/toluene 
treated HP brochure paper 
The same result is observed for supercalendar paper treated with OTS in 
toluene. The mercury porosimetry obtained on supercalendar paper, after immersion 
in toluene and OTS/toluene treatment are shown in Figure 6.13. The supercalendar 
paper shows one broad pore distribution centered about 1 ^m diameter. After 
OTS/toluene treatment, the pore size distribution is narrowed with the loss of the 
smaller pores and the cumulative pore volume decreases. 
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Figure 6.13 Mercury porosimetry on untreated, toluene treated OTS/toluene treated 
supercalendar papers 
The change of the pore size distribution impacts the tack force development. 
The dynamic ink tack measurements for OTS/toluene treated HP brochure and 
supercalendar paper is shown in Figures 6.14 and 6.15, respectively. The treatment of 
the samples with toluene only and with OTS/toluene does change the ink setting rate a 
significant amount. Even when the samples are exposed only to toluene, the ink 
setting rate is decreased. Toluene may be interacting with the binders and 
redistributing them in some way that changes the pore size distribution and the ink 
setting rate. The increase in the contact angle for the OTS systems could explain the 
results, but also the pore size distribution has changed in a way that could explain the 
results: fewer smaller pores should lead to slower setting. 
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Figure 6.14 Ink tack development for untreated, toluene treated, and OTS/toluene 
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Figure 6.15 Ink tack development for untreated, toluene treated, and OTS/toluene 
treated supercalendar paper 
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6.2.3.3 OTS post treatment from sc-C02 
The selection of SC-CO2 as a delivery medium was based on its demonstrated 
advantages as a solvent for performing silane reactions on silica powders. SC-CO2 
exhibits both gas-like and liquid-like properties. The characteristics of SC-CO2 as a 
delivery media, such as low viscosity, high diffusivity relative to liquids and very low 
surface tension, promote the infiltration of the reagents into the pore structure. 
Furthermore, it is not constrained by mass transfer limitations common to liquid phase 
processes. For example, in performing surface reactions on silica, the high diffusivity 
of SC-CO2 enabled reactants to access regions of the silica surface that could not be 
reached using traditional solvent or gaseous treatment regimes.80,81 Moreover, SC-CO2 
behaves as a desiccant, removing excess water for the silica. This property should be 
beneficial in limiting the level of polymerization of OTS occurring inside the pores of 
the paper coating. The gas-like properties of SC-CO2 give rise to the same advantages 
of a solid-gas phase process. Thus, it is expected that the post treatment of a paper 
coating in SC-CO2 should not lead to physical changes to the coating. 
The contact angle values before and after the post-treatment of HP brochure 
and supercalendar paper with OTS/SC-CO2 were as same as those of OTS treatment in 
toluene. That is, after OTS modification from SC-CO2, the contact angles changed 
from 50 to 80 degrees for HP brochure paper and from 30 to 90 degrees for the 
supercalendar paper. However, this change in contact angle was not accompanies by a 
change in porosity as found when using toluene as a solvent. 
108 
The mercury porosimetry curves of untreated, SC-CO2 treated and OTS/SC-CO2 
treated supercalendar paper are identical showing that little, if any change in the pore 
structure occurs after OTS treatment (Figure 6.16). The mercury porosimetry 
measurements were not performed for the HP brochure paper. We encountered issues 
with uniformity with OTS from sc-CC^when using the large piece of HP brochure (5 
cm x 10 cm) required for the mercury porosimetry measurements. In this case, the 
treatment led to an inhomogeneous coating of the paper surface as determined by 
water contact angle measurements. The HP paper uses AI2O3 pigments for the coating 
and as shown in Chapter 4, SC-CO2 reacts with AI2O3 to form carbonate species and 
consequently, impedes the reaction of the silane with oxide pigments. Nevertheless, 
there were smaller regions in the HP brochure that were uniform and exhibited contact 
angle values of 80 degrees. These regions were used in ink setting measurements. 
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Figure 6.16 Mercury porosimetry on untreated, SC-CO2 treated and OTS/sc-CCh 
treated supercalendar paper 
The ink tack force dynamic development for untreated, SC-CO2 treated and 
OTS/SC-CO2 treated supercalendar and HP paper are presented in Figures 6.17 and 
6.18. The curves in Figures 6.17 and 6.18 show that there is no significant difference 
between an SC-CO2 treated supercalendar or HP paper and the untreated papers, 
indicating that using SC-CO2 as medium does not change the porosity of the paper 
coating. In addition, the tack force curve for OTS/SC-CO2 treated SC paper or HP 
brochure paper using SC-CO2 as the solvent shows the same behavior as that of 
untreated sample. Because the pore structure did not change, the results indicate that 
for this change of surface energy, the ink setting rate remains unchanged. 
This result may not be surprising in view of the current models for ink setting. If 
the contact angle between the oil and the coating or paper is the driving force, the 
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contact angle between oil and fiber, oil and pigment, and oil and a treated solid may 
be small in all cases. Even though the water contact angle is changed above a 
significant amount, the contact angle of oil still would be small in all cases. For water 
based inks, the influence of surface energy is expected to be significant. 
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Figure 6.17 Ink tack development for untreated, SC-CO2 treated, and OTS/SC-CO2 
treated supercalendar paper 
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6.3 Conclusion 
The goal of study in this chapter was to modify surface chemistry and then to 
understand the role of pigment surface chemistry in offset ink setting. By using sc-
CO2 as medium for the treatment of papers with silating agents, it is possible to 
change the surface chemistry while maintaining similar pore structures. Whereas, 
toluene based silent treatment strategy leads to a change in the pore size distribution. 
The results show that surface chemistry plays a minor role in oil based ink setting 
rates. 
The study of the role of pigment surface chemistry in ink setting of water based 
ink may be suggested as future research work. 
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APPENDIX. TEMPLATEASSISTED FABRICATION OF DENSE, 
ALIGNED ARRAYS OF TITANIA NANOTUBES WITH WELL-
CONTROLLED DIMENSIONS ON SUBSTRATES 
Nanotubes hold great potential for various applications due to their high 
surface area, the ability to control their properties by tuning their dimensions, and, in 
contrast to zero-dimensional nanoparticles, a geometry that facilitates their use as 
current-carrying components in devices. Carbon nanotubes have been particularly 
well studied and shown to have a wide range of interesting properties. Inorganic 
nanotubes are less well studied, in part due to difficulties in fabricating such structures 
with good control over their dimensions, although they share many of the advantages 
of carbon nanotubes and can be used in applications requiring various functional, non-
carbon materials. For example, several recent studies indicate that titania nanotubes 
have improved properties compared to colloidal or other forms of titania for 
17^ 174 17^ 17fi 1 7"7 1 7R 
applications in photocatalysis, ' sensing, ' and photovoltaics. ' 
Previously, titania nanotubes and nanotube arrays have been produced by a variety of 
methods, including hydrothermal synthesis,129"131 sol-gel deposition into freestanding 
nanoporous templates,132"134 anodization of titanium,135 and by a seeded-growth 
mechanism.136 While each of these methods has advantages, none are capable of: 1) 
providing precise control of the nanotube dimensions in the regime where size-
dependent effects on the tube electronic structure are observed, and 2) yielding dense 
arrays of uniform nanoparticles aligned on substrates for easy incorporation into 
device structures. In this work, we describe a simple and flexible fabrication method 
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to produce dense arrays of discrete, aligned T1O2 nanotubes with well-controlled 
dimensions directly on silicon substrates. We employ porous anodic alumina films 
with tunable pore diameters and heights as templates for T1O2 tube formation by 
atomic layer deposition (ALD). The control afforded by ALD enables us to create 
uniform arrays of nanotubes with tube walls thin enough (<3nm) to exhibit a wall 
thickness-dependent blue shift in the optical absorption spectra of the nanotube arrays. 
Atomic layer deposition is a simple, conformal process that allows for 
excellent control over the thickness of deposited films. This technique involves 
sequential, repeated exposure of a sample to gaseous species that undergo self-
limiting reactions on the surface. ALD can be employed to deposit various inorganic 
materials, including oxides, nitrides, and transition metals.52 The deposition of T1O2 
films on various oxide surfaces by exposure to cycles of TiCU and H2O has been well 
studied. ' ' ' In the first half-cycle of the process, TiCU vapor reacts with 
hydroxyl species on the substrate surface. In the next half-cycle, the resulting -TiCl* 
groups react with H2O vapor to form -Ti(OH)^ groups (where 1 x 3 ). Because ALD 
is a vapor phase non-line-of-sight deposition process, it produces highly conformal 
coatings on sharp or large aspect ratio substrate features that would be difficult to 
uniformly coat with other techniques. These characteristics offer many advantages 
for fabricating nanoscale structures. For example, ALD was recently used to create 
nanotubes of RuC>2139 and AI2O3140 by deposition onto carbon nanotubes, which served 
as a mold for the nanotube formation. ALD has also been used to narrow the pore 
diameter in nanoporous alumina. ' 
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We have chosen porous anodic alumina as the template material for producing 
nanotube arrays because it is easy to produce over large areas, has a high-density of 
tunable-diameter pores, and is thermally stable. The pore diameter and spacing are 
determined by the acidic solution employed and the applied voltage during 
anodization.143,144 The formation of alumina templates with pore diameters ranging 
from a few nanometers up to several hundred nanometers, and pore spacings of ~50 
nm to 500 nm, have been reported. Large domains of hexagonally ordered pores 
can be obtained at long anodization times. " Alternatively, a mold can be used to 
imprint the aluminum prior to anodization to guide the pore formation and produce 
perfectly hexagonal149 (or square or triangular150) ordered pores. The majority of 
research using porous alumina as a template material has been performed using 
freestanding films to create high aspect-ratio nanotubes or nanowires.151 Recently, the 
ability to produce nanoporous alumina films on various substrates, and the 
fabrication of nanoparticle arrays on surfaces using the alumina film as a template 
have been reported.153"156 We take advantage of these advances to create the supported 
nanotube arrays reported here. 
A schematic of the process we used to create TiC>2 nanotube arrays on 
substrates is shown in Figure A.l. First an alumina template is fabricated on a silicon 
substrate by anodization of an Al film that is evaporated onto the surface. Anodization 
is followed by a chemical etching step to remove the thin alumina barrier layer at the 
bottom of the pores and tune the pore diameter. Direct anodization of the Al film 
results in a fairly uniform distribution of pore diameters, with the pores in a relatively 
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disordered array. To produce hexagonally-ordered pores, we use a simple imprinting 
step to pretexture the Al before anodization. After template formation, titania is 
deposited using sequential ALD cycles of TiCU and H2O at 105°C for the desired 
number of cycles. After titania deposition, the alumina template can be left intact or it 
can be partially or completely removed by a chemical etch. To enable the etch to 
reach the template, first the titania at the top of the alumina film is gently 
mechanically polished away. After removing the alumina template, an array of Ti02 
nanotubes remains on the surface. 
Figure A.l Schematic of process to create titania nanorube arrays on substrates. 1) 
Nanoporous alumina template on substrate created by anodization of an Al film. 2) 
Ti02 deposited onto the surface of the template by ALD. 3) Top layer of TiC>2 on 
alumina removed by gentle mechanical polish. 4) Alumina template chemically 
etched away to reveal array of titania nanotubes on substrate. 
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Scanning electron microscopy (SEM) images of Ti02 nanotube arrays on 
silicon substrates are shown in Figure A.2. Top and side views of an array formed by 
deposition onto an alumina template with a disordered array of pores are shown in 
Figure A.2a and A.2b, respectively. For the top view image in Figure A.2a, the 
alumina template was only partially removed so that the nanotubes are still standing 
independently of one another. After complete template removal, these high aspect 
ratio, thin-walled tubes collapse into one another to form a continuous film, as shown 
in the side view image in Figure A.2b. Views of an array created in a template with 
hexagonally ordered pores are shown in Figure A.2c and d. The nanotube outer 
diameters correspond to the pore diameters in the alumina templates. The heights of 
the nanotubes are determined by the thickness of the alumina films. In these 
examples, the disordered nanotubes (Figure A.2a and A.2b) are ~1.5um in height, 
while the hexagonally ordered tubes are -300 nm tall. The nanotube arrays are dense 
and uniform over the entire surface (typically -1-5 cm ). 
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Figure A.2 SEM images of titania nanotube arrays on silicon substrate. Top view (a) 
and side view (b) of nanotubes with outer diameters of 40nm, heights of ~1.5um and 
average center-to-center tube spacing of 60nm. Top (c) and oblique (d) views of a 
hexagonally ordered array of nanotubes with outer diameters of 80nm, heights of 
~300nm, and average tube spacing of lOOnm. 
X-ray diffraction patterns obtained from the as-deposited nanotube arrays in 
the alumina templates showed no sharp diffraction peaks, indicating that the deposited 
material is amorphous, as expected for titania ALD at 105°C. After calcining the 
samples in air at 500°C for 2 hours, peaks corresponding to anatase Ti02 were 
apparent, as shown in Figure A. 3. 
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Figure A.3 XRD spectrum of TiCh nanotube array after calcining at 500°C for 2hours 
in air. All peaks can be indexed to anatase titania. 
To assess the morphology of the nanotubes in detail, we employed TEM. TEM 
images of the TiC>2 nanotubes are shown in Figure A.4. Images of single nanotubes 
are shown in Figures A.4a and A.4b, with lattice fringes from the calcined, 
polycrystalline nanotube apparent in the high magnification image in Figure A.4b. In 
the lower magnification images in Figure A.4c and 4d, nanotubes are shown oriented 
nearly perpendicular (Figure A.4c) and parallel (Figure A.4d) to the electron beam. 
From the TEM images, it is apparent that the tube walls are uniform in thickness 
along the length of the tube. The tubes are open at the top, as in Figure A.4a, and 
closed at the bottom next to the substrate, as apparent from Figure A.4d, because the 
ALD process enables deposition on the silicon substrate as well as the alumina walls. 
The diameter of the tubes at the base is slightly larger than the diameter along the rest 
of the tube due to the template pore structure produced by anodization and pore 
widening. 
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Figure A.4 TEM images of Ti02 nanotubes. (a) Open end of a single nanotube. (b) 
High magnification image of tube edge after calcining at 500 C in air for two hours. 
(c) Several nanotubes oriented in cross-section, (d) The closed ends of two nanotubes. 
TEM images were used to assess the wall thickness for nanotubes produced by 
varying numbers of deposition cycles. The wall thickness of the tubes produced by 20 
ALD cycles was measured to be 3.6 nm, which indicates an average deposition 
thickness of-1.8 A/cycle at 105°C. Previous studies indicate that depositing titania at 
this temperature results in the smoothest films, while deposition at higher 
temperatures can lead to surface roughening upon crystallization.17 This deposition 
rate is similar to the 1.55 A /cycle reported for Ti02 ALD in alumina tubular 
membranes at 127°C,19 but it is higher than the 0.4 A/cycle reported for Ti02 
deposited on flat glass substrates at 152°C.16 The higher deposition rate in the 
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nanoporous structures is most likely attributable to a small amount of chemical vapor 
deposition (CVD) occurring due to incomplete removal of the reactive species 
between half-cycles. This interpretation is supported by the observation of similar 
rates (-1.1 A /cycle) for deposition on flat surfaces at 100°C with incomplete purging 
of the reactants from the system.18 In practical terms, this faster deposition rate means 
that we can still maintain good control over the tube wall thickness (<2 A/cycle) but 
obtain tubes with wall thicknesses in the range of nanometers in fewer deposition 
cycles. 
To study the effect of varying the tube thickness on the optical absorption of 
the arrays, we employed UV-vis spectroscopy. In Figure A. 5, the normalized 
absorption spectra of nanotube arrays with an average outer diameter of ~40nm and 
tube wall thicknesses of 5, 10, 15 and 20 deposition cycles are shown. The spectra 
were recorded from TiC>2 nanotube arrays embedded in alumina films after removing 
the films from the Si substrate. The thin, nanoporous alumina does not absorb 
significantly in the wavelength range shown, as is apparent from the inset of Figure 
A. 5 where the absorption spectra of alumina is compared to that of a sample with 5 
cycles of Ti02. The spectrum from the tube with the 20 cycle wall thickness (3.6nm) 
overlapped with spectra taken from tubes with thicker walls. The spectra from the 
tubes with thinner walls (fewer deposition cycles) are blue-shifted with respect to the 
thicker tubes. 
Previously, others studying small diameter colloidal Ti02 nanoparticles have 
also reported shifts in the absorption edge to higher energies with decreasing 
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diameter, although there is quite a range in the nanoparticle diameters reported for the 
onset of the blueshift (from >10 nm to ~1 nm). The absorption spectra also depend 
significantly on the method of nanoparticle preparation and the surface environment. 
The interpretation of the origin of the blue shift is not straightforward. Many have 
attributed a shift in the TiC>2 nanoparticle absorption peak to a quantum size effect, 
similar to that observed for other semiconductor nanoparticles.157"160 However, others 
suggest that the blue shift observed for nanoparticles with diameters >2 nm may be 
due to direct band transitions in this indirect semiconductor.161'162 Serpone et al.161 
proposed that the lower energy indirect transitions might be quenched in 
nanoparticles, depending on the particle size and surface environment. Comparison 
with theory is also difficult, as predictions for the onset of size quantization effects 
range from <1 nm to >1 \xm depending on the electron and hole effective masses used 
in the calculations. Nevertheless, our results suggest that the optical absorption of the 
tubes is tunable using this fabrication approach, although it is clear that a more 
complete understanding of the absorption behavior would require further study. 
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Figure A. 5 UV-vis absorption spectra (normalized) for nanotube arrays with wall 
thicknesses of 5 TiCh deposition cycles (thinnest line), 10 cycles, 15 cycles, and 
20cycles (thickest line). Inset shows absorption of nanoporous alumina film (thinner 
line) compared to absorption of alumina film with 5 T1O2 deposition cycles. 
In summary, we have demonstrated a simple approach to produce dense arrays 
of T1O2 nanotubes on Si substrates with controllable tube diameter, spacing, ordering, 
and wall thickness. The nanotube arrays can easily be fabricated over large areas on 
substrates. The techniques employed are simple, inexpensive and do not require high 
temperatures (105°C). Using atomic layer deposition to create nanotubes on porous 
alumina films, the tube wall thickness can be controlled precisely, with a deposition 
rate of 1.8A/cycle. This precise control enabled us to create tube arrays with tube wall 
thicknesses in the regime where a tunable blue shift was observed in the absorption 
spectra of the arrays (<3 nm). The ability to control the electronic structure of the tube 
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arrays is important for applications such as photocatalysis, where particle size affects 
efficiency, and in photovoltaics. In addition, while we have described the fabrication 
of titania nanotube arrays on silicon substrates, this method is a general one that could 
be employed to produce nanotube arrays of various materials on a range of substrates. 
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